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(54) EQUIPMENT FOR CRYSTAL GROWTH AND CRYSTAL-GROWING METHOD USING THE 
SAME 



(57) Provided are an apparatus and a method which 
can accelerate crystallization of a biological macromol- 
ecule such as protein. A plurality of solution storage 
parts (12a, 12b, 12c, 12d, 14) are formed on a silicon 
substrate whose valence electrons are controlled by 
controlling the concentration and/or the type of impurity. 
These solution storage parts are connected with each 
other by passages (1 6a, 1 6b, 1 6c, 26). The storage part 
(12d) is made to hold a buffer solution containing mole- 
cules of protein or the tike to be crystallized. The stor- 
age parts (12a, 12b, 12c) are also made to hold 
solutions capable of accelerating crystallization of pro- 
tein or the like respectively. These solutions are shifted 
to the solution storage part (14) through the passages 
(16a, 16b, 16c, 26) for preparing a mixed solution in a 
different ratio in each storage part (14). Thus, different 
conditions for crystallization can be simultaneously 
formed in a short time with a small amount of sample. A 
crystal of protein or the like is grown in the storage part 
(14) holding the mixed solution. Growth of the crystal is 
controlled by the electric properties which are brought 
to the silicon substrate surface by the valence electron 
control. 
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Description 

Technical Field 

[0001] The present invention relates to a technique for 
performing crystallization of macromolecules, and more 
particularly, it relates to a technique for performing crys- 
tallization of various biological macromolecules such as 
proteins by employing a semiconductor substrate or the 
like whose valence electrons are controlled. 

Background Technique 

[0002] For understanding specific properties and 
functions in various types of biological macromolecules 
such as protein and complexes thereof, detailed steric 
structures thereof are indispensable information. From 
the basic chemical viewpoint, for example, information 
on the three-dimensional structure of protein or the like 
serves as the basis for understanding the mechanism of 
function appearance in a biochemical system by an 
enzyme or hormone. Particularly in the fields of phar- 
maceutical science, genetic engineering and chemical 
engineering among industrial circles, the three-dimen- 
sional structure provides information indispensable for 
rational molecular design for facilitating drug design, 
protein engineering, biochemical synthesis and the like. 
[0003] As a method of obtaining three-dimensional 
steric structural information of biological macromole- 
cules at atomic levels. X-ray crystal structural analysis is 
the most cogent and high-accuracy means at present. 
The analytic speed is remarkably improved by rapid 
improvement of arithmetic processing speed of comput- 
ers in addition to reduction of measuring times and 
improvement of measuring accuracy due to recent 
hardware improvement of X-ray light sources and ana- 
lyzers. The three-dimensional structures are conceiva- 
bly going to be clarified by the main stream of this 
method also from now on. 

[0004] In order to decide the three-dimensional struc- 
ture of a biological macromolecule by X-ray crystal 
structural analysis, on the other hand, it is indispensable 
to crystallize the target substance after extraction and 
purification. At present, however, there is neither tech- 
nique nor apparatus which can necessarily crystallize 
any substance when applied, and hence crystallization 
is progressed while repeating trial and error drawing on 
intuition and experience under the present circum- 
stances. A search under an enormous number of exper- 
imental conditions is necessary for obtaining a crystal of 
a biological macromolecule, and crystal growth forms 
the main bottleneck in the field of the X-ray crystallo- 
graphy analysis. 

[0005] Crystallization of a biological macromolecule 
such as protein is basically adapted to perform a treat- 
ment of eliminating a solvent from an aqueous or anhy- 
drous solution containing the macromolecule thereby 
attaining a supersaturated state and growing a crystal, 



similarly to the case of a general low molecular weight 
compound such as inorganic salt. As typical methods 
therefor, there are (1) a batch method, (2) dialysis and 
(3) a gas-liquid correlation diffusion method, which are 
5 chosen depending on the type, the quantity, the proper- 
ties etc. of a sample. 

[0006] The batch method is a method of directly add- 
ing a precipitant eliminating hydration water to a solution 
containing a biological macromolecule for reducing the 

10 solubility of the biological macromolecule and convert- 
ing the same to a solid phase. In this method, solid 
ammonium sulfate, for example, is frequently used. This 
method has such disadvantages that the same requires 
a large amount of solution sample, fine adjustment of a 

is salt concentration and pH is difficult, skill is required for 
the operation, and reproducibility is low. As shown in 
Fig. 46, for example, the dialysis, which overcomes the 
disadvantages of the batch method, is a method of plac- 
ing a solution 572 containing a biological macromole- 

20 cule inside a sealed dialytic tube 571 for continuously 
changing the pH etc. of a dialytic tube outer liquid 573 
(e.g., a buffer solution) and making crystallization. 
According to this method, the salt concentrations of the 
inner and outer liquids and the pH difference are adjust- 

25 able at arbitrary speeds, and hence the conditions for 
crystallization are easy to find out. As shown in Fig. 47, 
for example, a gas-liquid correlation diffusion method 
among the diffusion methods is a technique of placing a 
droplet 582 of a sample solution on a sample holder 581 

30 such as a cover glass and placing this droplet and a pre- 
cipitant solution 584 in a closed container 583, thereby 
slowly setting up equilibrium by evaporation of volatile 
components therebetween. Furthermore, as shown in 
Fig. 48, a liquid phase-liquid phase diffusion method 

35 among the diffusion methods is a technique of placing a 
droplet 592 of a mother liquor containing a target sub- 
stance and a droplet 591 of a precipitant on a substrate 
590 at a space of about 5 mm, and forming a thin liquid 
flow 593 with the point of a needle or the like therebe- 

40 tween. Mutual diffusion is occurred through the liquid 
flow 593, and crystallization is facilitated. This diffusion 
method has such an advantage that the amount of the 
solution may be extremely small as compared with the 
batch method or the like. 

45 [0007] However, there are various problems in crystal- 
lization of a biological macromolecule such as protein 
as described above, in the present circumstances. 
[0008] First, it has been difficult to obtain a crystal of 
excellent crystailinity or a large-sized single crystal, tt is 

so considered that this is because a biological macromole- 
cule is readily influenced by gravity since its molecular 
weight is generally large and causes convection in a 
solution (e.g., F. Rosenberger, J. Cryst. Growth, 76. 618 
(1986)). Namely, the biological macromolecule or a 

55 formed fine crystal nucleus precipitates by its own 
weight, whereby convection of the solution around the 
molecules or the nucleus is caused. Also around the 
formed crystal surface, the concentration of the mole- 
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cules is decreased and local convection of the solution 
takes place. Due to the convection in the solution gener- 
ated in the aforementioned manner, the formed crystal 
moves in the solution, and moreover the layer for sup- 
plying the molecules by diffusion in the periphery of the 5 
crystal is remarkably reduced. Thus, the crystal growth 
rate can be reduced, or anisotropic growth can take 
place on the crystal plane, so that crystallization can be 
hindered. 

[0009] A large amount of solvent (mainly water) 50 10 
volume %) is contained in a biological macromolecule 
crystal, dissimilarly to crystals of other substances. This 
solvent is disorderly and readily movable in the intermo- 
lecular clearances of the crystal. Although the mole- 
cules are gigantic, further, there is little wide-ranging 75 
intermolecular packing contact in the crystal and only 
slight molecule-to-molecule contact or contact by hydro- 
gen bond through water molecules is present. Such a 
state is also the factor hindering crystallization. 
[0010] Further, a biological macromolecule is 20 
extremely sensitive to the conditions employed for crys- 
tallization. While the biological macromolecule is stabi- 
lized in the solvent by interaction between individual 
molecular surfaces, charge distributions on the molecu- 
lar surfaces, particularly conformation of amino acids in 25 
the vicinity of the molecular surfaces etc.. extremely 
vary with the environment, i.e., pH, ionic strength and 
temperature of the solution, and type and dielectric con- 
stant of the buffer solution, and the like. Therefore, the 
crystallization process has been a multi-parameter 30 
process in which complicated various conditions are 
entangled with each other, and it has been impossible to 
establish a unific technique which is applicable to any 
substance. As to protein, crystallization of hydrophobic 
membrane protein is extremely difficult at present 35 
although it is biochemically extremely important as com- 
pared with water-soluble protein, and very few exam- 
ples of the hydrophobic membrane protein have 
succeeded in crystallization and analysis of high resolu- 
tion. 40 
[001 1 ] Further, the obtained biological macromolecule 
is generally in a very small amount. For example, pro- 
tein such as enzyme is generally extracted from cells or 
the like and purified, while the amount of the sample 
finally obtained for crystallization is generally extremely 45 
small since its content is small, ft is said that the con- 
centration of a biological macromolecule in a solution 
should be about 50 mg/ml for performing crystallization. 
Therefore, repeated crystallization experiments 
(screening) under various conditions should be carried so 
out as to a solution of an amount as small as possible. 
[001 2] While the amount of the sample may be small 
in the diffusion methods as described above, optimum 
conditions for crystallization must be found out by vary- 
ing the salt concentration, the pH etc. of the precipitant ss 
over a wide range to obtain a crystal of high quality. In 
this case, the conditions can be found out only by trial 
and error. Further, a glass substrate for forming a drop- 



let of the sample thereon readily causes mass genera- 
tion of unnecessary crystal nuclei. In order to suppress 
this, surface treatments such as surface polishing and a 
water-repellent treatment should be previously per- 
formed. 

[001 3] As described above, crystallization of biological 
macromolecules such as protein and complexes thereof 
forms the most significant bottleneck for the X-ray crys- 
tal structural analysis since the same has heretofore 
been progressed while repeating trial and error, 
although this is an important process in science and 
industry. Therefore, it is necessary to hereafter under- 
stand the basic principle of crystallization and develop a 
crystallization technique that is applicable to any mole- 
cule. 

Disclosure of the Invention 

[0014] An object of the present invention is to techni- 
cally overcome the disadvantages of the conventional 
crystallization process which has been progressed 
while repeating trial and error with no existence of a 
technique applicable to any substance due to the provi- 
sion of various properties as described above. 
[0015] Specifically, an object of the present invention 
is to reduce the effect of convection in a solution caused 
by the effect of gravity and to control nucleation in crys- 
tallization of various biological macromolecules and bio- 
logical tissues mainly composed of biological 
macromolecules. 

[0016] Another object of the present invention is to 
provide a technique which can suppress or control 
mass formation of microcrystals and obtain a large- 
sized crystal capable of X-ray structural analysis. 
[0017] Still another object of the present invention is 
to provide a method and an apparatus for enabling crys- 
tallization with a snail amount of solution. 
[0018] According to the present invention, an appara- 
tus for growing a crystal of a macromolecule contained 
in a solution is provided. This apparatus comprises a 
substrate whose valence electrons are controlled so 
that the concentration of holes or electrons in a surface 
part can be controlled in response to the environment of 
the solution containing the macromolecule, wherein the 
substrate has a plurality of solution storage parts for 
holding a solution necessary for crystal growth, and a 
passage provided between the plurality of solution stor- 
age parts. In at least one of the plurality of solution stor- 
age parts, the valence electrons are controlled so that 
the concentration of the holes or electrons in the surface 
part can be controlled in response to the environment of 
the solution containing the macromolecule. In the appa- 
ratus according to the present invention, the solution 
can move through the passage. Under movement of the 
solution, more proper conditions for crystallization can 
be created in any storage part whose valence electrons 
are controlled. A crystal can be grown in such a storage 
part. 
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[0019] According to the present invention, further, a 
method of growing a crystal with such an apparatus is 
provided. 

[0020] In one aspect according to the present inven- 
tion, the apparatus comprises a substrate whose 5 
valence electrons are controlled so that the concentra- 
tion of holes or electrons in a surface part can be con- 
trolled in response to the environment of a solution 
containing a macromolecule. The surface of the sub- 
strate has a plurality of first solution storage parts for 
holding at least two types of solutions respectively, a 
plurality of second solution storage parts in which the 
solution containing the rnacromolecule is allowed to 
stay for crystal growth, and a plurality of passages con- 
necting the plurality of first solution storage parts with 
the plurality of second solution storage parts and ena- 
bling mobilization of the solutions. At least in the second 
solution storage parts of the substrate, the valence elec- 
trons are controlled so that the concentration of the 
holes.or electrons in the surface part can be controlled 
in response to the environment of the solution contain- 
ing the macromolecule. 

[0021 ] The apparatus according to the present inven- 
tion may further have means for heating the solution in 
the first solution storage part. 
[0022] Further, the apparatus according to the present 
invention may further have an electrode for applying a 
voltage at least to the second solution storage part. 
[0023] The plural passages formed on the substrate 
preferably have different widths and/or depths. 
[0024] In the surface of the substrate, the valence 
electrons are preferably so controlled that formation of a 
crystal nucleus of the macromolecule and growth of a 
crystal are facilitated in a specific region of the second 
solution storage parts while formation of crystal nuclei is 
suppressed in the remaining regions. By controlling the 
valence electrons so, the crystal can be selectively 
grown in the specific region of the second solution stor- 
age parts. 

[0025] The apparatus according to the present inven- 
tion preferably comprises a semiconductor substrate to 
which impurity is added, for example, valence electron 
control in the semiconductor substrate can be per- 
formed by control of the concentration and/or the types 
of the impurities. 

[0026] A silicon crystal substrate may be employed as 
a preferable semiconductor substrate. 
[0027] In the apparatus comprising a semiconductor 
substrate, a groove or hole may be formed in the second 
solution storage part. In this case, the concentration so 
and/or the type of the impurity may be different between 
the inside potion and the outside portion of the groove 
or hole. 

[0028] In the apparatus according to the present 
invention, a coat consisting essentially of an oxide may ss 
be provided on the surface to come into contact with the 
solution. Such a coat provides the surface with 
hydrophilicity. 



[0029] The present invention provides an apparatus 
for crystal growth, which comprises the aforementioned 
apparatus for crystal growth, a container which can 
house the apparatus in a sealed state along with a pre- 
cipitant or a buffer solution, and means for supporting 
the apparatus in the container. 
[0030] The present invention provides a method of 
growing a crystal of a macromolecule contained in a 
solution. This method comprises a step of providing the 
aforementioned apparatus for crystal growth, a step of 
making the plurality of first solution storage parts pro- 
vided in the apparatus hold a first solution containing a 
macromolecule and a second solution which is different 
from the first solution, respectively, a step of allowing 
transition of the said first solution and the second solu- 
tion to the plurality of second solution storage parts pro- 
vided in the apparatus through the plurality of passages 
and allowing a plurality of types of mixed solutions, in 
which the first solution and the second solution have 
been mixed with each other in different ratios, to stay in 
the plurality of second solution storage parts respec- 
tively, and a step of growing a crystal of the macromole- 
cule in the plurality of second solution storage parts 
storing the mixed solutions respectively under an elec- 
trical state which is brought to the surface of the appa- 
ratus by the controlled valence electrons. 
[0031 ] The method according to the present invention 
may further comprise a step of heating the solution in 
the first solution storage part, so that transition of the 
solution from the first solution storage part through the 
passage can be accelerated. 
[0032] The method according to the present invention 
may further comprise a step of applying a voltage at 
least to the second solution storage part, so that the 
electrical state brought to the surface of the apparatus 
can be controlled. 

[0033] In the method according to the present inven- 
tion, when the apparatus having a groove or hole 
formed in the second solution storage part by fine work- 
ing is employed, crystallization of the macromolecule 
can be facilitated in the groove or hole. 
[0034] In the method according to the present inven- 
tion, a buffer solution and/or a salt solution for changing 
the pH and/or the salt concentration of the first solution 
may be employed as the second solution. 
[0035] In another aspect according to the present 
invention, an apparatus for crystal growth comprises a 
substrate whose valence electrons are controlled so 
that the concentration of holes or electrons in a surface 
part can be controlled in response to the environment of 
a solution containing a macromolecule, wherein the sur- 
face of this substrate comprises a plurality of first solu- 
tion storage parts for holding at least two types of 
solutions respectively, a plurality of first passages for 
respectively discharging the solutions from the plurality 
of first solution storage parts and unidirectionally feed- 
ing the same, a second solution storage part simultane- 
ously receiving at least two types of solutions fed by the 
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plurality of first passages respectively, a second pas- 
sage for discharging the solution from the second solu- 
tion storage part and unidirectionally feeding the same, 
and a third solution storage part receiving the solution 
fed by the second passage. At least in the second solu- 5 
tion storage part of the substrate, the valence electrons 
are controlled so that the concentration of the holes or 
electrons in the surface part can be controlled in 
response to the environment of the solution containing 
the macromolecule. 

[0036] The first passage and/or the second passage 
may be a groove formed on the substrate. This groove 
may have a stepwise shape or a gradient for unidirec- 
tionally feeding the solution. Further, the first passage 
and/or the second passage may comprise a plurality of 
grooves, whose widths and depths differ from each 
other, formed on the substrate. The width of the groove 
may be widened as going from the upper stream to the 
lower stream, and the depth of the groove is preferably 
deepened as going from the upper stream to the lower 
stream. 

[0037] In the surface of the substrate, the valence 
electrons are preferably so controlled that formation of a 
crystal nucleus of the macromolecule and growth of a 
crystal are facilitated in a specific region of the second 
solution storage part while formation of a crystal 
nucleus is suppressed in the remaining region. By con- 
trolling the valence electrons so. the crystal can be 
selectively grown in the specific region of the second 
solution storage part. 

[0038] In the apparatus according to the present 
invention, a groove or hole is preferably formed on the 
second solution storage part of the substrate. The 
groove or hole can effectively prevent crystal growth 
from being hindered by convection of the solution. 
[0039] The apparatus according to the present inven- 
tion may further comprise means for heating the sub- 
strate. Such means may be an electrode formed on the 
surface of the substrate, for example. 
[0040] In the apparatus according to the present 
invention, a plurality of the second solution storage 
parts may be provided. The plurality of first passages for 
carrying the same type of solution are connected to 
these second solution storage parts. Among these first 
passages, a passage toward one of the second solution 
storage parts may have a length and/or a width different 
from that of a passage toward another one of the sec- 
ond solution storage parts. Furthermore, its depth may 
be varied at need. With such structures, the flow rates of 
the solutions fed by the respective ones of the first pas- 
sages differ from each other. The flow rate of the solu- 
tion which one of the second solution storage parts 
receives is different from the flow rate of the solution 
which another one of the second solution storage parts 
receives. Therefore, liquids in which at least two types 
of solutions are mixed with each other in different ratios 
can be prepared in the plurality of second solution stor- 
age parts. 



[0041 ] The apparatus according to the present inven- 
tion may further have an electrode for applying a voltage 
at least to the second solution storage part. 
[0042] The apparatus according to the present inven- 
tion preferably comprises a semiconductor substrate to 
which impurity is added, for example. Valence electron 
control in the semiconductor substrate may be per- 
formed by control of the concentration and/or the type of 
the impurity A silicon crystal substrate may preferably 
be employed as the semiconductor substrate. 
[0043] In a method of growing a crystal of a macromol- 
ecule with the apparatus having the first, second and 
third solution storage parts, a first solution containing 
the macromolecule and a second solution which is dif- 
ferent the first solution may first be held in the plurality of 
first solution storage parts respectively. The first solu- 
tion and the second solution may be moved to the sec- 
ond solution storage part through the plurality of first 
passages so that the first solution and the second solu- 
tion are mixed with each other therein. While guiding the 
obtained mixed solution from the second solution stor- 
age part to the third solution storage part through a sec- 
ond passage, a crystal of the macromolecule may be 
grown in the second solution storage part storing the 
mixed solution under an electrical state which is brought 
to the surface of the apparatus by the controlled valence 
electrons. In this crystal growth method, the apparatus 
may have a plurality of second solution storage parts 
and a plurality of first passages whose sizes differ from 
each other. In the plurality of second solution storage 
parts, a plurality of mixed solutions in which the first 
solution and the second solution are mixed with each 
other in different ratios may be held. In this method, the 
substrate may be heated. In this method, a voltage may 
be applied to the second solution storage part, so that 
the electrical state brought to the surface of the appara- 
tus can be controlled. In this method, the apparatus in 
which a groove or hole is formed in the second solution 
storage part may be employed, so that convection can 
be suppressed by the groove or hole and/or crystal 
growth of the macromolecule can be facilitated. In this 
method, the second solution may be a buffer solution 
and/or a salt solution for changing the pH and/or the salt 
concentration of the first solution. 
[0044] In still another aspect according to the present 
invention, an apparatus for crystal growth comprises a 
substrate, having an opposed pair of principal surfaces, 
whose valence electrons are controlled so that the con- 
centration of holes or electrons in the principal surface 
parts can be controlled in response to the environment 
of a solution containing a macromolecule, wherein the 
substrate comprises a first solution storage part, pro- 
vided on one of the pair of principal surfaces, for holding 
a solution employed for crystal growth, a passage, pro- 
vided on one of the pair of principal surfaces, for dis- 
charging the solution from the first solution storage part 
and feeding the same in a prescribed direction, a sec- 
ond solution storage part, provided on one of the pair of 
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principal surfaces, for receiving the solution fed from the 
passage, a through hole for guiding the solution present 
in the second solution storage part to the other of the 
pair of principal surfaces, and a third solution storage 
part for receiving the solution fed through the through 5 
hole in the other of the pair of principal surfaces. At least 
in the second solution storage part and/or the third solu- 
tion storage part of this substrate, the valence electrons 
are controlled so that the concentration of the holes or 
electrons in the surface parts can be controlled in 10 
response to the environment of the solution containing 
the macromolecule. 

[0045] The passage may be formed of a plurality of 
grooves whose widths and/or depths differ from each 
other. These grooves may be formed on the substrate is 
itself, or may be formed by working a film provided on 
the substrate. The width of the groove forming the pas- 
sage may be widened as going from the upper stream 
to the lower stream. Further, the groove forming the 
passage may be deepened as going from the upper 20 
stream to the lower stream. Such a structure allows the 
solution to unidirectionally flow in the passage. In addi- 
tion, the groove forming the passage may have a step- 
wise shape or gradient for unidirectionally feeding the 
solution. 25 
[0046] A plurality of second solution storage parts and 
the third solution storage parts may be provided on the 
substrate. In this case, the diameter of a through hole 
feeding the solution from one of the second solution 
storage parts may differ from the diameter of a through 30 
hole feeding the solution from another of the second 
solution storage parts. Different conditions and environ- 
ments for crystal growth can be provided by varying the 
diameters of through holes with the storage parts. 
[0047] The apparatus according to the present inven- 35 
tion may further comprise means for heating the sub- 
strate. Such means may be an electrode formed on the 
surface of the substrate, for example. 
[0048] In the apparatus according to the present 
invention, it is preferable to form a groove or hole in the 40 
second solution storage part of the substrate. The 
groove or hole can effectively prevent crystal growth 
from being hindered by convection of the solution. 
[0049] In the surface of the substrate, the valence 
electrons are preferably so controlled that formation of a 45 
crystal nucleus of the macromolecule and growth of a 
crystal are facilitated in a specific region of the second 
solution storage part and/or the third solution storage 
part while formation of crystal nuclei is suppressed in 
the remaining regions. By controlling the valence elec- so 
trons so, the crystal can be grown selectively in the spe- 
cific region of the second solution storage part and/or 
the third solution storage part. 
[0050] The apparatus according to the present inven- 
tion preferably comprises a semiconductor substrate to 55 
which impurity is added, for example. Valence electron 
control in the semiconductor substrate may be per- 
formed by control of the concentration and/or the type of 



the impurity. A silicon crystal substrate may preferably 
be employed as the semiconductor substrate: 
[0051] In a crystal growth method employing the 
apparatus having the through hole, the first solution 
storage part may hold a solution containing a macro- 
molecule. The solution may be fed from the first solution 
storage part to the second solution storage part through 
the passage. The solution can be circulated between 
the second solution storage part and the third solution 
storage part via the through hole. In the second solution 
storage part and/or the third solution storage part, a 
crystal of the macromolecule can be grown under an 
electrical state which is brought to the surface of the 
apparatus by the controlled valence electrons. In this 
method, the apparatus may have a plurality of first solu- 
tion storage parts, a plurality of second solution storage 
parts and a plurality of passages whose lengths and/or 
widths differ from each other. The plurality of first solu- 
tion storage parts may hold a first solution containing 
the macromolecule and a second solution which is dif- 
ferent from the first solution respectively. The first solu- 
tion and the second solution may be moved to the 
plurality of second solution storage parts through the 
plurality of passages so that the plurality of second solu- 
tion storage parts hold a plurality of mixed solutions in 
which the first solution and the second solution are 
mixed with each other in different ratios respectively. In 
this method, the substrate may be heated. In this 
method, further, a voltage may be applied to the second 
solution storage part so that the electrical state which is 
brought to the surface of the apparatus can be control- 
led. This method may employ such an apparatus that a 
groove or hole is formed in the second solution storage 
part. By the groove or hole, convection can be sup- 
pressed and/or growth of the crystal can be facilitated. 
In this method, when the first solution and the second 
solution are employed, the second solution may be a 
buffer solution and/or a salt solution for changing the pH 
and/or the salt concentration of the first solution. 

Brief Description of the Drawings 

[0052] 

Fig. 1A and Fig. 1B are schematic diagrams illus- 
trating such a state that a crystal nucleus is fixed to 
a surface of the apparatus and crystal growth 
progresses in accordance with the present inven- 
tion. 

Fig. 2 is a schematic diagram showing an example 
of the apparatus for crystal growth according to the 
present invention. 

Fig. 3 is an X-X sectional view of the apparatus 
shown in Fig. 2. 

Fig. 4 is a Y-Y sectional view of the apparatus 
shown in Fig. 2. 

Fig. 5A to Fig. 5E are schematic sectional views 
showing examples of the first solution storage part 
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in the apparatus for crystal growth according to the 
present invention. 

Fig. 6A to Fig. 6E are schematic sectional views 
showing examples of the passage in the apparatus 
for crystal growth according to the present inven- 5 
tion. 

Fig. 7A to Fig. 7F are schematic sectional views 
showing examples of the second solution storage 
part in the apparatus for crystal growth according to 
the present invention. 10 
Fig. 8 is a schematic diagram showing a surface 
potential generated when a bias charge is applied 
to the apparatus for crystal growth. 
Fig. 9 is a plan view showing an example of 
arrangement of the electrode provided on the rear is 
surface of the substrate in the apparatus for crystal 
growth according to the present invention. 
Fig. 10A to Fig. 10C are schematic sectional views 
for illustrating functions/effects of the grooves 
formed in the apparatus for crystal growth. 20 
Fig. 1 1 is a schematic sectional view showing an 
example of the apparatus for crystal growth accord- 
ing to the present invention. 
Fig. 12 is a schematic diagram showing another 
example of the apparatus for crystal growth accord- 25 
ing to the present invention. 
Fig. 13 is a plan view showing another example of 
the passage in the apparatus according to the 
present invention. 

Fig. 14 is an L-L sectional view of the passage 30 
shown in Fig. 13. 

Fig. 15A to Fig. 15C are X-X\ Y-Y' and Z-Z' sec- 
tional views of the passage shown in Fig. 13. 
Fig. 16 is a schematic sectional view showing 
arrangement of the solution holding parts and the 35 
passages in the apparatus for crystal growth 
according to the present invention. 
Fig. 17 is a schematic diagram showing another 
example of the apparatus for crystal growth accord- 
ing to the present invention. 40 
Fig. 18A to Fig. 18D are schematic sectional views 
showing a process for forming the passages of the 
apparatus for crystal growth according to the 
present invention. 

Fig. 19 is a plan view showing another example of 45 
the second solution storage part in the apparatus 
for crystal growth according to the present inven- 
tion. 

Fig. 20 is a schematic sectional view of the solution 
storage part shown in Fig. 19. so 
Fig. 21 is a schematic diagram showing the surface 
potential of the solution storage part shown in Fig. 
19. 

Fig. 22 is a schematic diagram showing another 
example of the solution storage part for crystalliza- 55 
tion. 

Fig. 23A to Fig. 23C are schematic sectional views 
for illustrating such a state that solutions are held in 



the solution storage part for crystallization. 
Fig. 24 is a schematic diagram showing a further 
example of the apparatus for crystal growth accord- 
ing to the present invention. 
Fig. 25 is a sectional view showing an example of 
the apparatus having through holes according to 
the present invention. 

Fig. 26A to Fig. 26D are sectional views showing 
examples of the second solution storage part and 
third solution storage part in the apparatus having 
through holes according to the present invention. 
Fig. 27 is a schematic diagram showing a state of 
growing a crystal with the apparatus having through 
holes according to the present invention. 
Fig. 28A to Fig. 28C are schematic diagrams show- 
ing how the solution flow takes place between the 
two solution storage parts formed on both surfaces 
of the substrate in the apparatus having through 
holes according to the present invention. 
Fig. 29A and Fig. 29B are diagrams showing 
change of solution concentration in the solution 
storage parts. 

Fig. 30 is a schematic diagram showing still another 

example of the passage formed on the apparatus 

according to the present invention. 

Fig. 31 A and Fig. 31 B are schematic sectional 

views showing examples of the grooves forming the 

passage. 

Fig. 32 is a plan view showing a further example of 
the second solution storage part in the apparatus 
having through holes according to the present 
invention. 

Fig. 33 is a schematic sectional view of the solution 

storage part shown in Fig. 32. 

Fig. 34 is a schematic diagram showing the surface 

potential of the solution storage part shown in Fig. 

32. 

Fig. 35 is a schematic diagram showing a further 
example of the solution storage part for crystalliza- 
tion. 

Fig. 36A to Fig. 36C are schematic sectional views 
for illustrating such states that the solution comes to 
be held in the solution storage part for crystalliza- 
tion. 

Figs. 37, 38 and 39 are photomicrographs of the 
crystals formed in Example 1 . 
Figs. 40, 41 and 42 are perspective views schemat- 
ically showing the crystals shown in Figs. 37, 38 
and 39 respectively. 

Fig. 43 is a schematic diagram showing the struc- 
ture of the crystal growth apparatus employed in 
Example 2. 

Figs. 44 and 45 are photomicrographs of the crys- 
tals formed in Example 2. 

Fig. 46 is a schematic diagram showing an example 
of an apparatus employed for a conventional 
method. 

Fig. 47 is a schematic diagram showing another 
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example of an apparatus employed for a conven- 
tional method. 

Fig. 48 is a schematic diagram showing still another 
example of an apparatus employed for a conven- 
tional method. 

Best Modes for Carrying Out the Invention 

[0053] In most of biological macromolecules such as 
protein, intermolecular recognition is made by a geo- 
metrically specific structure and electrostatic interaction 
(electrostatic repulsive force and attraction, and van der 
Waals force) in a solution. In the intermolecular interac- 
tion based on electrostatic energy, it is predicted that 
slight difference between space charge distributions on 
individual molecular outermost surfaces exerts decisive 
influence on the degree of the intermolecular recogni- 
tion and easiness of formation of a molecule aggregate. 
Therefore, it is conceivable that, among individual mole- 
cules repeating collision while making Brownian move- 
ment in a solution, a nucleus of a molecular aggregate 
having a periodic and regular structure is extremely 
hard to form. Further, it is conceivable that, even if a 
crystal nucleus is formed, it comes to that respective 
molecules aggregating around the nucleus are loosely 
bonded to each other to result in low crystallinity when 
the molecular structures and charge distributions on the 
respective molecular surfaces are not identical to each 
other but have redundancy. 

[0054] As regards crystal formation of protein mole- 
cules, it has been reported that an initial process of 
nucleation is important. Yonath et al. have observed an 
initial crystallization process of a gigantic ribosomal 
subunit extracted from Bacillus Stearothermophilus with 
an electron microscope. According to this, they state 
that progress of crystallization requires that respective 
molecules aggregate in a two-dimensionally regular 
structure (network, stellate or zigzag lattice) in the initial 
process (Biochemistry International, Vol. 5, 629-636 
(1982)). 

[0055] It is not clear whether or not this is indispensa- 
ble to all substances in common. However, protein mol- 
ecules are generally hard to aggregate since the 
intermolecular interaction is weak and the molecular 
surfaces are locally charged. Taking this into considera- 
tion, it is conceivable that, if some conditions for two- 
dimensionally arranging the molecules are set to form a 
nucleus in the initial process of crystallization, subse- 
quent crystallization may eprtaxially progresses based 
on the nucleus. 

[0056] In the present invention, in order to stably form 
a crystal nucleus, a substrate whose valence electrons 
are controlled is brought into contact with a solution 
containing a substance to be crystallized. The substrate 
can control the concentration of electrons and holes by 
valence electron control from the surface coming into 
contact with the solution toward the inside, or in a sec- 
tion of the substrate, so that the electrical state on the 



surface of the substrate can be controlled. For example, 
Figs. 1 A and 1 B schematically show such a state that a 
crystal nucleus is fixed on the substrate surface and a 
crystal grows in accordance with the present invention. 
5 As shown in Fig. 1 A, a crystal nucleus 2 is fixed by elec- 
trostatic action to the surface of a substrate 1 which is 
brought into a prescribed electrical state, due to valence 
electron control. As shown in Fig. 1 B, a compound such 
as protein aggregates on the substrate surface by elec- 
10 trostatic interaction, and formation of crystal nuclei is 
facilitated or accelerated, resulting in crystal growth. 
Therefore, controlling the electrical properties of the 
substrate surface can control crystallization. For exam- 
ple, the type, amount, arrangement density and the like 
15 of the crystal nucleus fixed to the substrate surface can 
be adjusted by valence electron control, so that crystal- 
lization can be controlled. The formed crystal nuclei are 
fixed to the substrate surface. Thus, it is also expected 
that small movement of the nuclei caused by convection 
or the like in the solution is suppressed, and the mole- 
cules regularly aggregate owing to the formation of the 
nuclei, so that the crystallinity improves. Even if charge 
distrfoutions on the surfaces of the molecules to be 
crystallized are slightly changed due to change of pH of 
the solution or denaturation of the molecules, it is 
expected that space charges compensating for effective 
surface charges of the molecules are necessarily 
induced in the substrate surface, so that two-dimen- 
sional formation of the crystal nuclei can readily and 
preferentially be achieved. 

[0057] , According to a preferred mode of the present 
invention, a plurality of first solution storage parts for 
holding a mother liquor, a precipitant, a buffer solution 
and the like respectively and a plurality of second solu- 
tion storage parts for receiving the liquids from the plu- 
rality of first solution storage parts and growing a crystal 
may be formed on a surface of the substrate forming the 
apparatus. Mobilization of the liquids between the first 
solution storage parts and the second solution storage 
parts is performed through the passages provided on 
the surface of the substrate. The passage may also be 
provided between the plurality of second solution stor- 
age parts as well as between the first solution storage 
part and the second solution storage part. By transition 
of the liquid through the passage, different types of solu- 
tions may be supplied from the plurality of first solution 
storage parts to the second solution storage parts for 
obtaining mixed solutions. The mixed solutions obtained 
in the plurality of second solution storage parts respec- 
tively may have different compositions depending on the 
respective positions of the second solution storage 
parts and the arrangement of the passages or the sizes 
and shapes of the passages. Namely, plural types of 
solutions may be mixed in the plurality of second solu- 
tion storage parts in different ratios. In the system con- 
necting the solution storage parts with each other 
through the passages, mutual diffusion of the plurality of 
solutions can be spatially and temporally continuously 
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changed, and different conditions for crystallization can 
be brought with good reproducibility in the plurality of 
second solution storage parts for performing crystalliza- 
tion. When a large number of second solution storage 
parts are provided on the substrate, finely different con- 5 
ditions can be prepared. Thus, different types of crystal- 
lization conditions can be obtained on a single 
substrate, and it is expectable that any of these is opti- 
mum for crystallization of a necessary compound. 
[0058] In the plurality of passages formed on the sub- 10 
strate, it is preferable that the widths and/or the depths 
thereof are different from each other. The supply 
amount of the solution can be varied by changing the 
size of the passage. The mixing ratio of the plural types 
of solutions can be controlled by changing the flow rates 75 
of the solutions supplied to the second solution storage 
parts for performing crystallization. When the flow rate 
is adjusted for each of the passages, further variation of 
the mixing ratios can be obtained, and hence more con- 
ditions can be prepared for crystallization. 20 
[0059] In the present invention, means for heating the 
solution held in the first solution storage part may be 
formed on the apparatus. Such means may be a heating 
electrode which is formed on the substrate forming the 
apparatus, for example. Each of the heated solutions is 25 
extruded to the passages by the volume expansion 
serving as driving force. The heated solutions come to 
readily fbw since the viscosity is lowered. Therefore, 
transition of the solutions is facilitated by the heating. As 
another method of accelerating transition of the solu- 30 
tions, vertical difference may be provided between the 
solution storage parts connected with each other 
through the passage. Further, a groove of fine width 
may be formed as the passage. When the space of the 
groove is narrow, the liquid can be moved by surface 35 
tension. 

[0060] When the substrate is partially heated with the 
heating means, a temperature gradient can be provided 
in the substrate. Depending on the temperature gradi- 
ent, temperature difference is generated between the 40 
plurality of second solution storage parts. In the solu- 
tions different in temperature from each other, the solu- 
bility of the substance to be crystallized is also different. 
Therefore, more conditions for crystallization can be 
obtained in a single substrate due to the temperature 45 
difference. 

[0061 ] In the present invention, a voltage may also be 
applied to the substrate. The voltage may be applied 
through an electrode which is formed on a substrate 
surface opposite to the surface formed with the solution so 
storage parts, for example. Such an electrode is prefer- 
ably provided such that the voltage is applied at least to 
the second solution storage part. By applying a bias 
voltage through the electrode, an electrostatic effect 
acting on the substrate surface can be increased or 55 
reduced as described later in detail. Particularly by 
increasing the surface potential in the second solution 
storage part, acceleration of crystal growth can be 
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attained. By application of the voltage, selective reac- 
tion and aggregation action of the molecules to be crys- 
tallized with respect to the substrate surface can be 
improved. 

[0062] By forming a groove or hole in the second solu- 
tion storage part by fine working, the convection sup- 
pressing effect of the electrostatic attraction acting on 
the substrate can be improved. Particularly on the bot- 
tom portion of the groove formed on the substrate, elec- 
trostatic interaction can be substantially isotropically 
exerted to the molecules to be crystallized. When a 
crystal nucleus is formed on the bottom portion of the 
groove, the crystal nucleus can be allowed to stand still 
on the bottom portion of the groove by electrostatic 
interaction so that the crystal nucleus is protected 
against convection caused by the influence of gravity. If 
the crystal grows based on the substantially stationary 
nucleus, it is expected that formation of excess mi croc - 
rystals is suppressed and such a large-sized crystal that 
the molecules are regularly gathered on the surface of 
the crystal nucleus can be obtained. 
[0063] Aggregateness of charged substances or mol- 
ecules in an electrolytic solution generally depends on 
the sum of electric double layer repulsive force and van 
der Waals force therebetween, and hence it is extremely 
important to control the concentration of salt added into 
the electrolytic solution for adjusting a surface potential 
in allowing aggregation of the substances or the mole- 
cules. According to the present invention, however, the 
electrostatic property of the substrate surface forming 
the apparatus can be previously adjusted by valence 
electron control, and hence there also arises such a 
merit that adjustment of the salt concentration becomes 
easy or unnecessary. 

[0064] Any substance may be employed for the appa- 
ratus for such a object as far as such a substance has 
the aforementioned electrostatic property, allows 
charge amount and polarity to be controlled and is 
chemically stable in a solution. A silicon crystal may be 
one of the most suitable materials for attaining this 
object. The mechanism of crystallization expected in the 
case of employing a silicon crystal will be described 
below. However, the mechanism described below can 
also be applied to another substrate employed in 
accordance with the present invention. 
[0065] Figs. 2, 3 and 4 show an example of the appa- 
ratus for crystal growth according to the present inven- 
tion. The structure shown in the figures is obtained by 
working a silicon substrate. Fig. 2 schematically shows 
the structure formed on the surface of the silicon sub- 
strate. Fig. 3 and Fig. 4 are X-Xand Y-Y sectional views 
of the device shown in Fig. 2. 
[0066] As shown in Fig. 2, a plurality of solution stor- 
age parts 12a, 12b. 12c, 12d and 14 are formed on the 
surface of the silicon substrate. The solution storage 
parts 12a to 1 2d correspond to the first solution storage 
part according to the present invention, and hold a solu- 
tion containing a macromoiecule and other necessary 
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solutions respectively. A large number of solution stor- 
age parts 14, which correspond to the second solution 
storage part according to the present invention, are 
adapted to receive the plural types of solutions supplied 
from the solution storage parts 1 2a to 1 2d for preparing 5 
mixed solutions. At the solution storage parts 14, the 
solution containing the macromolecule and the other 
solutions meet each other, and conditions for crystalli- 
zation are prepared. In any of the large number of solu- 
tion storage parts 1 4, optimum crystallization conditions w 
are created and crystallization is facilitated. The solution 
storage part 12a is connected with the solution storage 
parts 14 through a passage 16a. Similarly, the solution 
storage parts 12b, 12c and 12d are connected with the 
corresponding storage parts 14 through passages 16b, 15 
16c, 16d 1( 16d 2 and 16d 3 . Further, passages 26 are 
also provided between the large number of solution 
storage parts 14. The passages 26 connect adjacent 
storage parts 14 with each other. 

[0067] A heating electrode 18 is formed alongside of 20 
the solution storage parts 12a, 12b and 12c. The elec- 
trode 18 is connected to a pad 21 . A heating electrode 
28 is also provided alongside of the solution storage 
part 12d, and the electrode 28 is connected to a pad 31 . 
The solutions held in the storage parts 12a to 12d are 25 
heated by energizing the electrodes 18 and 28 through 
the pads 21 and 31 respectively. While transition of the 
solutions is facilitated by heating as described above, 
these heating means may not be present. 
[0068] Fig. 3 shows a section of the substrate forming 30 
the apparatus. V-grooves whose sizes differ from each 
other are formed on the silicon substrate 10, and these 
portions serve as the solution storage parts 12b, 1 4 and 
12d respectively. Although not illustrated, V-grooves are 
also formed on the portions of the solution storage parts 35 
12a and 12c shown in Fig. 2. On the substrate 10, a 
water-repellent layer 17 consisting of water-repellent 
resin, for example, is formed around the portions where 
the V-grooves are formed. This layer prevents the solu- 
tions from spreading on the substrate, so that the given 40 
solutions are reliably held in the respective solution stor- 
age parts. Respective solutions 15b, 15d, 25a, 25b, 25c 
and 25d are held in the spaces defined by the V-grooves 
and the water-repellent layer 17. An electrode 19 is pro- 
vided on the rear surface of the silicon substrate 10. In 45 
the silicon substrate, its thickness varies with the por- 
tions where the solution storage parts 12b and 12d are 
formed and the portions where the solution storage 
parts 14 are formed. When a voltage is applied to the 
electrode 1 9 in such a structure, an electrical state (sur- so 
face potential) brought to the substrate surface comes 
to vary with the storage parts 12b and 12d and the stor- 
age parts 14. When the distance between the rear sur- 
face electrode and the front surface is narrowed, 
strength of the electric field brought to the substrate sur- 55 
face by application of the voltage can be increased. 
Therefore, a high bias voltage can be selectively applied 
to the solution storage parts 14 for performing crystalli- 



zation, and the surface potential can be increased at 
these portions for accelerating crystal growth. 
[0069] Fig. 4 shows the structure having the passages 
formed on the silicon substrate. The passages 16a, 16b 
and 16c having the V-grooves are formed on the silicon 
substrate 10. The water-repellent layer 17 is also pro- 
vided around the passages 1 6a to 1 6c. The solutions 25 
are held in the spaces defined by the V-grooves and the 
water-repellent layer 17. 

[0070] In the apparatus shown in Figs. 2, 3 and 4, the 
storage parts 1 2a and 12c, the storage part 1 2b and the 
storage part I2d may be allowed to hold a buffer solu- 
tion whose pH is adjusted, an aqueous solution of pre- 
scribed salt, and an aqueous solution (mother liquor) 
containing molecules (e.g., protein) to be crystallized 
respectively so that the solutions forms droplets. Fur- 
ther, the buffer solution or the aqueous solution of salt 
may be held in some of the storage parts 14 at need. 
Then, the overall substrate or the solution storage parts 
are heated by energizing. Due to the heating, transition 
of the solutions from the respective storage parts is 
facilitated. The respective passages sophisticatedly 
connect the storage parts 14 with each other as shown 
in the figures, and hence the mother liquor, the buffer 
solution and the salt solution are gradually mixed with 
each other in the respective storage parts in various 
concentration ratios. At this time, inflow and outflow of 
the solutions are repeated through the passages, and 
the mixing ratios temporally and spatially change little 
by little. Namely, various mixed solutions in which the 
concentrations of the molecules to be crystallized, the 
buffer solution and the salt differ from each other little by 
little are prepared in many storage parts 14. A mixing 
ratio optimum for crystallization is brought in any of 
these mixed solutions, and crystallization is facilitated 
there. When a groove is formed in the solution storage 
part for growing a crystal, control of formation of a crys- 
tal nucleus and acceleration of crystal growth can be 
attained as described later. 

[0071 ] While the solution storage parts and passages 
having V-grooves are employed in the apparatus shown 
in Fig. 2 to Fig. 4, the shapes thereof may be changed 
to various ones. Fig. 5A to Fig. 5E, Fig. 6A to Fig. 6E 
and Fig. 7A to Fig. 7F further show examples of the first 
solution storage parts, the passages and the second 
solution storage parts. 

[0072] The first solution storage parts formed on the 
substrate surface of the apparatus according to the 
present invention may have the shapes as shown in Fig. 
5A to Fig. 5E, for example. As shown in Fig. 5A to Fig. 
5D, grooves are preferably formed in the first solution 
storage parts, in order to hold a necessary and suffi- 
cient amount of droplet. In the storage part shown in 
Fig. 5A, a U-shaped groove 32a is formed on a silicon 
substrate 30. The groove 32a is surrounded with a 
water-repellent layer 37 consisting of water-repellent 
resin, for example. A storage part 32 holding a solution 
35 is formed of the groove 32a and the water-repellent 
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layer 37. In the storage part shown in Fig. 5B, a silicon 
oxide film 33 is formed on a silicon substrate 30. The 
oxide film gives hydrophilicity to the silicon substrate. 
The other structure is similar to that of Fig. 5A. In the 
storage part shown in Fig. 5C, a V-groove 42a is formed 5 
on a silicon substrate 40. A water-repellent layer 47 con- 
sisting of water-repellent resin, for example, is formed 
around the groove 42a. A solution 45 is held in a storage 
part 42 formed of the groove 42a and the water-repel- 
lent layer 47. In the storage part shown in Fig. 5D, a sil- 
icon oxide film 43 is formed on a silicon substrate 40. 
The remaining structure is similar to that shown in Fig. 
5C. In these structures, the U-shaped grooves and the 
V-grooves may be formed by etching the silicon sub- 
strate. The water-repellent layer may be formed by coat- 
ing the silicon substrate with water-repellent resin and 
patterning the resin by photolithography or the like, for 
example. As shown in Fig. 5E, the solution storage part 
may be formed without forming a groove. In this case, a 
water-repellent layer 47' is formed on a silicon substrate 
40' in a prescribed pattern so that the portion where the 
surface of the silicon substrate 40' is exposed may be 
employed as the solution storage part. When an aque- 
ous solution is employed, an oxide fijm may be formed 
on the silicon surface where the groove is provided, so 
that the portion can have an increased hydrophilicity 
and flow of the solution can be improved. 
[0073] Fig. 6A to Fig. 6E show examples of the pas- 
sages. As shown in Fig. 6A, a U-shaped groove 56a 
may be formed on a silicon substrate 50, and a water- 
repellent layer 57 consisting of water-repellent resin 
may be formed around the groove. A passage 56 is 
formed of the grooves 56a and the water-repellent layer 
57, and a solution 55 is passed thereto. The structure 
shown in Fig. 6B is similar to the structure of Fig. 6A 
except that a silicon oxide film 53 is formed on a silicon 
substrate 50. A passage 66 shown in Fig. 6C has a V- 
groove 66a which is formed on a silicon substrate 60. A 
solution 65 is passed to the passage 66 formed of the 
groove 66a and a water-repellent layer 67 surrounding 
the groove. The structure shown in Fig. 6D is similar to 
the structure of Fig. 6G, except that a silicon oxide film 
63 is formed on a silicon substrate 60. In such struc- 
tures having grooves, the U-grooves and the V-grooves 
may be formed by etching the silicon substrate. The 
water-repellent layer is obtained by coating the silicon 
substrate with water-repellent resin and patterning the 
resin by photolithography or the like, for example. As 
shown in Fig. 6E, a structure with no groove can be 
more conveniently obtained. In this case, a water-repel- 
lent layer 77 is provided on a silicon substrate 70 except 
the portion for formation of the passage. A solution 75 is 
passed to a passage 76 which is surrounded with the 
water-repellent layer 77. When an aqueous solution is 
employed, a silicon oxide film may be formed on the sil- 
icon surface with a groove, so that hydrophilicity is 
increased and the flow of the solution is improved. 
[0074] Figs. 7A to 7F show examples of the structures 



of the second solution storage part. In the structure 
shown in Fig. 7A, a water-repellent layer 87 consisting 
of water-repellent resin, for example, is formed on a sil- 
icon substrate 80 in a prescribed pattern. A solution 
storage part 84 for holding a solution 85 is formed at a 
portion surrounded with the water-repellent layer 87 and 
having the silicon substrate 80 exposed. The surface of 
a silicon substrate generally has such an advantage 
that crystal defects and fixed charges are extremely 
small so that excessive generation of crystal nuclei of 
the molecules to be crystallized hardly occurs on the 
surface. Therefore, the structure as shown in Fig. 7A 
can also provide a space for performing crystallization. 
In the structure shown in Fig. 7B, a silicon oxide film 83 
is formed on a silicon substrate 80. The remaining por- 
tion is similar to the structure shown in Fig. 7A. The 
oxide film may be formed on the silicon surface depend- 
ing on the characteristics of the molecules (e.g., protein 
molecules) to be crystallized. The oxide film improves 
the hydrophilicity of the silicon surface. In the structure 
shown in Fig. 7C, a second silicon layer 80b is formed 
on a first silicon layer 80a. Changing the concentration 
and/or the type of impurity added to silicon may form 
such different silicon layers. A water-repellent layer 87 is 
formed on the silicon having a multilayer structure in a 
prescribed pattern, and a solution storage part 84 is 
formed at the portion surrounded with the water-repel- 
lent layer 87. In the structure shown in Fig. 7D, a second 
silicon layer 90b is formed on a first silicon layer 90a, 
and a V-groove 94a is formed in the layered structure. A 
storage part 94 holding a solution 95 is formed of a 
water-repellent layer 97 formed in a prescribed pattern 
and the V-groove 94a. Inside the V-groove 94a, the first 
silicon layer 90a is exposed. Outside the V-groove 94a. 
on the other hand, the first silicon layer 90a is covered 
with the second silicon layer 90b. In the structure shown 
in Fig. 7E. trenches 104a are formed in a solution stor- 
age part 104. The trench 104a has a depth larger than 
the width of the opening, and has a shape whose aspect 
ratio is high. As shown in the figure, plural trenches are 
preferably provided. The solution storage part 104 is 
provided in the substrate having a first silicon layer 1 00a 
and a second silicon layer 100b formed thereon. In the 
structure shown in Fig. 7F, a U-shaped groove 1 1 4a is 
formed in a solution storage part 114. A second silicon 
layer 1 10b is formed on a first silicon layer 1 10a, and a 
water-repellent layer 117 is provided around the solu- 
tion storage part 114. 

[0075] In the structures shown in Fig. 7D to Fig. 7F, 
the V-groove, the trench and the U-groove may be 
formed by chemically etching* the silicon surface, for 
example. By forming the groove in the solution storage 
part, convection of the solution in the storage part can 
be effectively suppressed, so that the forming of crystal 
nuclei and growth of large-sized crystals can take place 
more stably. In the structures shown in Fig. 7D to Fig. 
7F, a silicon oxide film may also be formed on the sur- 
face. The oxide film improves the hydrophilicity of the 
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silicon surface. In the storage parts shown in Fig. 7A to 
Fig. 7F, the water-repellent layer may be formed by 
applying water-repellent resin and then patterning the 
resin by photolithography or the like, for example. 
[0076] In the solution storage parts for crystallization 
shown in Fig. 7A to Fig. 7F, silicon whose valence elec- 
trons are controlled may be employed. Due to the con- 
trolled valence electrons, an electrical state responsive 
to the state of the solution is brought to the silicon sur- 
face coming to contact with the solution. For the control 
of the valence electrons, it is particularly preferable to 
form a plurality of silicon layers having different concen- 
trations and/or types of impurities in the solution storage 
part. The structures shown in Fig. 7C to Fig. 7F are 
examples in which a plurality of silicon layers are formed 
with different states of controlled valence electrons. In 
these structures, p-type silicon and n-type silicon may 
be used for the first silicon layer and the second silicon 
layer respectively. In this case, it is conceivable that the 
molecules having negative effective surface charges 
can be more effectively crystallized particularly in the 
groove where the p-type silicon layer is exposed. N-type 
silicon having a low impurity concentration and high 
resistance may also be used for the first silicon layer, 
and n-type silicon having a high impurity concentration 
and low resistance may also used for the second silicon 
layer. In this case, it is also conceivable that the mole- 
cules having negative effective surface charges can be 
effectively crystallized in the groove where the n-type 
silicon of high resistance is exposed in particular. With 
respect to crystallization of the molecules having posi- 
tive effective surface charges, on the other hand, it is 
conceivable that the polarities of the aforementioned sil- 
icon may be reversed. Namely, n-type silicon may be 
employed for the first silicon layer, and p-type silicon 
may be employed for the second silicon. It would also be 
effective to form p-type silicon layers or regions having 
different concentrations of impurity. 
[0077] Such a mechanism that crystallization is con- 
trolled by the valence electron control in the substrate is 
hereafter described. When bringing an electrolytic 
aqueous solution containing a macromolecule dissoci- 
ating and having negative effective surface charge into 
contact with an n- or p-type silicon crystal having 
valence electrons controlled, a Schottky barrier is 
formed with respect to an n-type silicon surface, while 
ohmic contact is obtained with respect to a p-type sili- 
con surface. On the p-type silicon surface, holes are 
regularly supplied from the bulk silicon side to the mac- 
romolecular electrolyte having negative charge (ohmic 
property), and hence it is expected that the macromole- 
cules regularly continuously aggregate on the silicon 
surface. On the other hand, a surface potential depend- 
ent on the electrolyte concentration of the aqueous 
solution is generated on the surface of the n-type sili- 
con, while a space charge layer region is formed in the 
inside. The space charge amount also depends on the 
dopant concentration of the n-type silicon. Therefore, it 



is expected that the macromolecules having negative 
charge in the electrolytic solution continuously aggre- 
gate on the silicon surface until at least compensating 
for the positive space charge owned by the n-type sili- 
5 con. It is expected that on the surface of the silicon in 
which the space charge layer region is formed, aggre- 
gation and crystallization of the macromolecule limitedly 
take place. On the other hand, it is expected that on the 
surface with which ohmic contact is formed, aggregation 
10 of the macromolecule unlimitedly progresses. 

[0078] In addition, when at least two regions whose 
impurity concentrations differ from each other are 
formed in n-type silicon, for example, it is expected that 
these regions bring out crystallization in different 
is modes. As described below, the effects are different 
between the case that the n-type silicon has low impu- 
rity concentration and high resistance and the case that 
the n-type silicon has high impurity concentration and 
low resistance. In the n-type silicon of a low impurity 
concentration (or high resistance), a depletion layer 
capacity is small due to the fact that the width of a space 
charge layer formed in the vicinity of the surface widens 
since the dopant concentration is low. Therefore, it is 
expected that a surface potential induced in the n-type 
silicon of a low impurity concentration is larger than that 
induced in the n-type silicon of a high impurity concen- 
tration (or low resistance). The surface potential is 
reverse in polarity to the effective surface potential 
owned by the macromolecule, whereby aggregation of 
the molecules is accelerated by the action of electro- 
static attraction. Namely, it is expected that the n-type 
silicon substrate of a low impurity concentration and 
high resistance can deposit more crystals on its surface 
than the n-type silicon substrate of a high impurity con- 
centration and low resistance. 
[0079] As to a macromolecule dissociating and having 
positive surface effective charge, similar effects would 
be brought out with the conductivity types or resistance 
values in reverse relation to the above. 
[0080] In addition, by using the aforementioned char- 
acteristics, the forming of a crystal nucleus can be sup- 
pressed at a specific region of the substrate, while the 
forming of a crystal nucleus can be facilitated at another 
specific region. In the structure as shown in Fig. 7C, for 
example, crystal deposition on a specific solution stor- 
age part or on a passage where a solution passes can 
be prevented by employing n-type silicon of high resist- 
ance as the first silicon and employing n-type silicon of 
low resistance as the second silicon. The position 
desired for crystal growth in the substrate may also be 
controlled by forming a region suitable for crystallization 
at a specific solution storage part by valence electron 
control. 

[0081 ] As described above, the regions that are spa- 
tially different in resistance from each other can be 
readily formed by selectively doping the silicon surface 
with impurity. As another method, surfaces whose 
resistance values differ from each other may be 
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exposed by etching the silicon surface. 
[0082] The n-type and p-type silicon crystals 
employed for the present invention may be those having 
characteristics equivalent to those of a silicon employed 
for a general LSI process. The specific resistance of the s 
silicon crystals may be within the range of about 0.0001 
to 1000 Qcm, and more preferably within the range of 
0.001 to 100 Qcm. Various types of methods may be 
employed for preparing the n-type or p-type silicon hav- 
ing valence electrons controlled. Ion implantation may 
be most convenient and capable of accurately control- 
ling impurity concentration. In this case, valence elec- 
tron control of the p-type and the n-type can be readily 
performed by injecting ions of elements belonging to the 
group III and the group V of the periodic table into silicon 
and annealing respectively. The group III elements for 
bringing silicon into the p-type may include 8, AJ, Ga, In, 
Tl and the like. B is particularly general. The group V 
elements for bringing silicon into the n-type may include 
N, P, As, Sb. Bi and the like, and P, As and Sb are par- 
ticularly general. It is preferable that the surfaces of the 
crystals are mirror-polished, in order to control deposi- 
tion of crystal nuclei. 

[0083] In the present invention, the thickness of the 
impurity layer formed on the silicon substrate surface is 
preferably 0.1 to 200 *im, and more preferably in the 
range of 1 to 50 |im. The other thickness range is not so 
preferable because of difficulty of preparation or loss of 
the effect. 

[0084] While the above description has been made as 
to the embodiment employing semiconductor crystal sil- 
icon in which valence electron control is easy, other 
materials having similar functions may be properly 
employed in order to attain the objects. For example, 
semiconductor crystals other than silicon may also be 
preferably employed, and materials other than the sem- 
iconductor crystal, such as inorganic compounds, 
organic compounds, macromolecules and complexes of 
these whose charge distribution is controlled may be 
listed as the candidates. In the present invention, plural 
grooves or holes are formed on the substrate forming 
the apparatus. The substrate shown in Fig. 2 has V- 
grooves. In place of the grooves, pyramidal or conical 
holes may be provided on the substrate surface, for 
example. It is more preferable for these grooves or holes 
that the widths of the openings narrow as approaching 
the deeper portions. In practical crystal growth, it is 
rather advantageous that the surface of a single sub- 
strate has a large number of grooves or holes in several 
sizes. 

[0085] The apparatus employed for crystallization is 
preferably applicable to any macromolecule. On the 
other hand, it is conceivable that the characteristics of 
the apparatus as required vary with the sizes, charge 
characteristics and the like of the molecules to be crys- 
tallized. Therefore, it is conceivable that the sizes of the 
grooves or holes should be varied depending on the 
sizes, charge characteristics and the like of the mole- 



cules to be crystallized. Discretely preparing a solid- 
state component having grooves or holes for each tar- 
geted macromolecule, however, is costly and time-con- 
suming, and this cannot be so efficient. When the 
substrate has plural grooves or holes of different sizes in 
advance, any of the grooves or holes should provide 
preferable conditions for crystallization even if the tar- 
geted molecular species changes. Therefore, it is possi- 
ble to perform crystallization of various molecules with a 
single apparatus. Thus, the labor and the cost for the 
apparatus preparation are also reduced. 
[0086] The sizes of the opening parts of the grooves 
or holes and the depths of the grooves or holes formed 
on the substrate surface is preferably set in a proper 
range depending on the type of the targeted macromol- 
ecules. In general, the widths of the opening parts of the 
grooves or holes are preferably in the range of 0.01 to 
1 00 urn, and the lengths of the grooves are preferably in 
the range of 1 to 1 0 mm. Further, the plurality of grooves 
or holes may be conveniently arranged with a space 
within the range of 1 jim to 1 mm. The depths of the 
grooves or holes are preferably set in the range of 0.01 
to 200 urn, for example. However, the sizes described 
above mainly come from restrictions on preparation of 
the apparatus and other sizes will not exert decisive bad 
influence on the performance of the apparatus, i.e., 
crystallization. 

[0087] Further, a water-repellent layer is preferably 
formed on the surface of the apparatus of a silicon sub- 
strate or the like to surround the solution storage parts 
and the passages. This layer can effectively prevent a 
solution from flowing out to the periphery when the solu- 
tion is held. While a silicon surface obtained by remov- 
ing the oxide film, for example, is generally water- 
repellent to pure water or water containing only acid or 
alkali, the same has decreased water-repellent property 
to an aqueous solution containing salt such as a buffer 
solution. When a buffer solution is employed, therefore, 
a layer consisting of a water-repellent substance should 
be formed around the silicon substrate. The water- 
repellent layer may be composed of organic resin, for 
example, and polyimide resin is one of the materials 
which can most conveniently form the water-repellent 
layer. When a water-repellent layer consisting of polyim- 
ide is prepared, the substrate is coated with photosensi- 
tive or non-photosensitive polyimide resin and the resin 
is hardened, and then unnecessary parts may be 
removed by etching or development to obtain a desired 
pattern. 

[0088] While the thickness of the water-repellent layer 
employed in the present invention may not be function- 
ally limited in particular, that of a thickness in the range 
of 0.1 to 100 jtm is relatively easy to prepare. Various 
materials may also be employed for this layer so far as 
the same exhibit water repellence and are chemically 
stable in the solution. 

[0089] In the apparatus according to the present 
invention, the distribution of the surface potential can be 
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controlled by applying a voltage to the substrate. Refer- 
ring to Fig. 8, principle of function in the case of applying 
a bias voltage to a substrate forming the apparatus 
according to the present invention is now described. In 
the substrate shown in the figure, a second silicon layer 5 
150b is formed on a first silicon layer 150a. In the part 
where a solution is stored, no second silicon layer is 
formed but the first silicon layer is exposed. An elec- 
trode layer 159 is formed on the rear side of the first sil- 
icon layer 150a. so that the bias voltage can be applied. 
High-resistance silicon (N' silicon) may be employed as 
the first silicon, for example, and low-resistance silicon 
(N + silicon) may be employed as the second silicon. In 
this case, the distribution of the surface potential on the 
silicon surface will be represented by a chart as shown 
by A when no bias voltage is applied. When a positive 
bias voltage is applied to the substrate, the distribution 
of the surface potential shifts to the positive direction, 
and the potential increases as a whole (refer to a chart 
B). When a negative bias voltage is applied, on the 
other hand, the silicon surface will be electrically ohmic 
to the solution, so that the distribution of the surface 
potential will be substantially flattened and the potential 
will be substantially zero as a whole (chart C). Thus, the 
potential distribution on the silicon substrate surface 
can be arbitrarily changed by applying a voltage. Aggre- 
gation and crystallization of a macromolecule on the 
device surface can be more actively controlled by con- 
trol of the surface potential by voltage application. The 
electrode for applying the voltage may be provided on 30 
the overall rear surface of the substrate, while the same 
may be formed only on the part which is adapted for 
crystal growth. As shown in Fig. 9, for example, an elec- 
trode 90 may be formed on the part corresponding to 
the solution storage part for crystal growth and a voltage 35 
may be applied through a pad 91 . 
[0090] In the present invention, forming a groove in 
the solution storage part for crystal growth can suppress 
influence of convection so that crystal growth can take 
place more stably. Fig. 10A to Fig. 10C are adapted to 40 
illustrate the effects of the groove. It is expectable that 
the range where electrostatic interaction between the 
dissociating macromolecules in the solution and the 
substrate surface is exerted (the range may be consid- 
ered as the width of an electric double layer) is wider in 45 
the part with a groove formed by etching, for example, 
than in the part formed with no groove. As shown in Fig. 
10A, for example, when a storage part 126 having a V- 
groove 126a formed on a silicon substrate 120 is 
allowed to hold a solution 125, it is expected that the so 
regions where the interaction is exerted are overlapped 
and the width of the region is widened at the deepest 
portion of the V-groove 126a. In the figure, a region 121 
where the electrostatic interaction is exerted is repre- 
sented by dotted lines. At the central portion of the V- ss 
groove, therefore, a crystal nucleus or a molecular 
aggregate to be a crystal nucleus can substantially iso- 
tropically receive electrostatic attraction from the V- 



groove surface, and can be more strongly restrained in 
the space of the V-groove. At an upper portion of the 
solution 125, convection 129 is generated due to influ- 
ence of gravity and the like. In the V-groove, on the other 
hand, the molecules are restrained by the electrostatic 
attraction, so that influence of the convection is sup- 
pressed. Therefore, it is expectable that a crystal 
nucleus is stably formed and crystal growth takes place 
stably in the V-groove. This is also considered applica- 
ble to a storage part 1 36 formed with trenches as shown 
in Fig. 10B. In trenches 136a formed on a silicon sub- 
strate 130, it is expectable that regions 131 where elec- 
trostatic attraction is exerted are overlapped and 
influence of convection 1 39 generated at the upper por- 
tion of a solution 135 is not exerted to the deep portion 
of the trenches 136a. In the trenches 136a, H is expect- 
able that the molecules to be crystallized are restrained 
by electrostatic attraction 133, and growth of the crystal 
stably progresses. In general, it is thought that fluctua- 
tion of the width of the diffusion supply layer in the vicin- 
ity of the crystal nucleus is caused by influence of 
convection in the solution so that degradation of crystal- 
linity or reduction of growth rate takes place. Therefore, 
it is preferable to suppress the convection as strongly as 
possible. 

[0091 ] It is conceivable that the molecules to be crys- 
tallized are relatively readily influenced by convection in 
the case of the structure shown in Fig. 10C. On the 
other hand, a region 121 where electrostatic attraction 
123 is exerted is spatially homogeneous, and no gradi- 
ent of an electric field is formed in the plane of a sub- 
strate 140. Therefore, conveniently, it is conceivable that 
the molecules can readily be two-dimensionally arrayed 
depending on the type of the molecules to be crystal- 
lized. 

[0092] Fig. 1 1 shows an example of the apparatus for 
crystal growth. In the apparatus, a substrate 10 is 
placed on supports 162a and 162b in a container 161 . 
An electrode 19 is formed on the rear surface of the 
substrate 10. An electrode 163b is formed also on the 
support 162b, so that a voltage can be applied to the 
electrode 19 through a terminal 164b. An electrode 
163a is provided also on the support 162a, and the 
electrode 163a is electrically connected with a pad 31 
which is formed on the substrate 10. Power is supplied 
to the pad 31 through a terminal 164a, so that the solu- 
tion storage parts formed on the substrate 1 0 can be 
heated. A buffer solution 166 is stored on the bottom of 
the container 161, and its opening can be sealed with 
an upper lid 165. The substrate 10 is placed on the sup- 
ports 162a and 162b in the container 161 which can 
prevent evaporation of the solution, and necessary solu- 
tions such as solutions 15b. 15d and the like are 
dropped onto the substrate 10. The substrate 1 0 may be 
directed either upward or downward. After adding the 
buffer solution 166 or the like to the bottom of the con- 
tainer 161, the opening part may be sealed with the 
upper lid 165 for starting crystallization. In starting of the 
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crystallization, a current may be supplied by the termi- 
nal 164a, for heating the solutions. Further, a bias volt- 
age may be applied to the rear surface of the substrate 
10 with the terminal 164b. The heating of the solutions 
and the application of the bias voltage may be continu- 
ously performed, or may be intermittently performed. 
The substrate 10 holding droplets is allowed to stand in 
this state, so that crystal growth can take place on a pre- 
scribed portion of the substrate. 
[0093] According to another preferred mode of the 
present invention, a plurality of first solution storage 
parts for holding a plurality of types of solutions (e.g., a 
mother liquor, a precipitant, a buffer solution and the 
like) as droplets respectively, a second solution storage 
part for receiving the solutions discharged from the plu- 
rality of first solution storage parts and growing a target 
crystal, and a third solution storage part for receiving 
the solution discharged from the second solution stor- 
age part may be formed on the surface of a substrate 
forming the apparatus. In the apparatus, the solutions 
are fed from the first solution storage parts to the sec- 
ond solution storage part through a first passage. Fur- 
ther, the solution is fed from the second solution storage 
part to the third solution storage part through a second 
passage. The direction of the flow is a constant direc- 
tion, and the backf low is suppressed. Mutual diffusion of 
at least two types of solutions is changed spatially and 
temporally by the passages, so that conditions suitable 
for crystallization can be regulated with good reproduci- 
bility in the second solution storage part where at least 
two solutions are mixed with each other. In general, 
there may be such a case that a reaction product is tem- 
porally and/or spatially maintained stable or preferable 
reaction conditions are attained by using a non-equilib- 
rium open system (dissipative system) as a reaction 
system in chemical reaction. In the apparatus, the solu- 
tions are gradually discharged from the second solution 
storage part for crystal growth to the third solution stor- 
age part so that such a non-equilibrium open system is 
obtained. An excess part of the solution is preferably 
discharged from the second storage part through the 
second passage. The second solution storage part as 
an open system can contribute to keeping the concen- 
tration of the solution therein substantially constant, so 
that the conditions for crystal growth such as concentra- 
tion, pH and the like can be maintained optimum for a 
long time. 

[0094] In the apparatus according to the present 
invention, the solution may be selectively fed in a con- 
stant direction to obtain an open system. In order to 
feed the solution in the constant direction while sup- 
pressing a backf low, the first passage and/or the sec- 
ond passage may have a structure allowing the solution 
to gradually fall in the direction of gravity. For example, 
the first passage and/or the second passage may be a 
groove, which is formed on the substrate and has a 
stepwise shape or a gradient. Further, the first passage 
and/or the second passage may be formed of a plurality 



of grooves whose widths and depths differ from each 
other. The width of the groove is preferably widened as 
going from the upper stream to the lower stream. Fur- 
ther, the structure of a stepwise shape or having a gra- 

5 dient can be formed by deepening the grooves as going 
down the stream from the upper stream to the lower 
stream. In the apparatus of the present invention, capil- 
larity in fine grooves may be employed as driving force 
for diffusion of the solutions. The direction of the flow of 

10 the solutions and the flow rates can be controlled by the 
aforementioned structure. The grooves may be pre- 
pared by working the substrate itself, or may be pre- 
pared by forming a film such as an oxide film on the 
substrate and working the film. 

15 [0095] Furthermore, the supply amount of the solution 
may be changed by changing the size of the passage. 
The mixing ratio of the plurality of types of solutions can 
be controlled by changing the flow rates of the solutions 
supplied to the second solution storage part for perform- 

20 ing crystallization. When the flow rate is adjusted for 
each of the passages, more various mixing ratios can 
be attained, and hence more conditions can be pre- 
pared for crystallization. 

[0096] Further, means for heating the substrate or the 

25 stored solutions may be provided in the apparatus. 
Such means may be a heating electrode which is 
formed on the substrate, for example. The respective 
heated solutions are extruded to the passages by driv- 
ing force of expansion of the volumes thereof. Addition- 

30 ally, the heated solutions readily flow since the viscosity 
is reduced. Therefore, transition of the solutions is facil- 
itated by heating. When the substrate is partially heated 
with the heating means, a temperature gradient can be 
provided in the substrate. The temperature differs 

35 between the plurality of second solution storage parts 
depending on the temperature gradient. Solubility of the 
substance to be crystallized also varies with the solu- 
tions whose temperatures differ from each other. There- 
fore, more conditions for crystallization can be obtained 

40 in a single apparatus due to the temperature difference. 
[0097] In the apparatus, further, a voltage may be 
applied to the substrate. The voltage may be applied 
through an electrode which is formed on a substrate 
surface opposite to the surface having the solution stor- 

45 age parts, for example. Such an electrode is preferably 
provided to be capable of applying the voltage at least to 
the second solution storage part. It is possible to 
increase or decrease electrostatic effect acting on the 
substrate surface by applying the bias voltage through 

so the electrode. Crystal growth can be facilitated by 
increasing the surface potential of the substrate, for 
example, particularly in the second solution storage 
part. It is possible to improve selective reaction and 
aggregation of the molecules to be crystallized with 

55 respect to the substrate surface by application of the 
voltage. The operation principle of controlling the distri- 
bution of the surface potential by application of the volt- 
age is as shown in Fig. 8, for example. 
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[0098] Furthermore, the effect of electrostatic attrac- 
tion acting on the substrate for suppression of convec- 
tion can be improved by forming a groove or hole in the 
second solution storage part by fine working. Particu- 
larly on the bottom of the groove formed on the sub- 
strate, electrostatic interaction can be substantially 
isotropically exerted on the molecules to be crystallized. 
When a crystal nucleus is formed on the bottom of the 
groove, the crystal nucleus can be allowed to stand stili 
on the bottom of the groove by electrostatic interaction, 
so that the crystal nucleus can be protected against 
convection based on influence of gravity. When a crystal 
grows on the basis of a substantially standstill nucleus, 
it is expected that forming of excess microcrystals is 
suppressed and a large-sized crystal in which the mole- 
cules are regularly gathered on the surface of the crys- 
tal nucleus can be obtained. On the other hand, 
convection readily takes place in the crystallization part 
when the solution is supplied from the passage. Such 
convection can be suppressed by forming a groove 
around the second solution storage part. Namely, the 
convection can be generated mainly in the groove when 
the solution is supplied, so that the influence of the con- 
vection can be relaxed in the crystallization part. 
[0099] Fig. 1 2 shows a further example of the arrange- 
ment of the solution storage parts and the passages in 
the apparatus according to the present invention. Solu- 
tion cells 210a and 21 Ob corresponding to the first solu- 
tion storage parts, a reaction cell 214a corresponding to 
the second solution storage part and drain cells 218a, 
218b and 218c corresponding to the third solution stor- 
age part are formed in proper positions of the surface of 
a substrate forming the apparatus. The solution cells 
210a and 210b are connected with the reaction cell 
214a through first passages 212a and 212b respec- 
tively. The reaction cell 214a and the drain ceil 218a are 
connected with each other through a second passage 
216a, and second passages 216b and 216c are pro- 
vided between the drain cells 218a and 218b and 
between 218b and 218c. Solutions are allowed to flow 
along the direction of arrows. The number of the respec- 
tive cells may be other than the number as shown in Fig. 
12. For example, the number of the solution cells may 
be at least three, and that of the reaction cells may be at 
least two. On the other hand, the number of the drain 
cell may be one or two, or at least four. The passages 
may be provided depending on the number and 
arrangement of the reaction cells. For example, a 
mother liquor containing a macromolecule such as pro- 
tein to be crystallized may be supplied from the solution 
cell 210a. and a solution for controlling conditions of 
crystallization such as a buffer solution may be supplied 
from the solution cell 210b. The reaction cell 214a 
receives these solutions, and prepares a mixed solution 
suitable for crystallization. When a molecular complex is 
to be formed, the reaction cell 214a may hold one 
molecular species to form the complex, the solution cell 
210a may hold another molecular species, and the solu- 



tion cell 210b may hold the solution for setting condi- 
tions. The reaction may be caused by supplying the 
solutions to the reaction cell 214a from the solution cells 
respectively. 

5 [01 00] Fig. 13 shows an example of the passage. The 
passage shown in the figure is formed of a plurality of V- 
shaped grooves (V-grooves) on a substrate surface. Fig. 
14 is an L-L* sectional view of Fig. 13, and Fig. 15A to 
Fig. 15C show an X-X' sectional view, a Y-Y sectional 
w view and a Z-Z' sectional view of Fig. 13 respectively. A 
passage 222 is formed of V-grooves 222a, 222b and 
222c whose widths and depths differ from each other. 
Arrows show a direction where solutions are fed. The 
widths and depths of the V-grooves increase as going 
is from the upper stream to the lower stream. Further, the 
density of the V-grooves reduces as going from the 
upper stream to the lower stream, while the width of the 
passage is constant. In such a structure, the passage 
222 has a stepwise shape with the V-groove parts 222a. 
222b and 222c as shown in Fig. 14. In the passage hav- 
ing such a structure, it comes to that the solutions 
progress in the direction of the arrows by capillarity, 
while a backf low of the solutions is prevented. 
[0101] While Fig. 13 shows a passage formed of V- 
grooves on the surface of the substrate, the shape of 
the grooves is not restricted to this shape. For example, 
grooves of another shape such as U-shaped grooves 
may be formed. Further, the grooves may be formed in 
the substrate itself, or may be prepared by forming a film 
such as an insulating film on the substrate and then 
working the same. 

[0102] Fig. 16 shows examples of the solution holding 
parts and passages formed on a substrate. On a sub- 
strate 220 consisting of a silicon crystal, for example, a 
solution cell 220a corresponding to the first solution 
storage part, a reaction cell 224 corresponding to the 
second solution storage part and a drain cell 228 corre- 
sponding to the third solution storage part are arranged. 
The solution cell 220a may be a region surrounded with 
a film 220'a consisting of silicon oxide, for example. A 
droplet 221 of a solution such as a mother liquor or a 
buffer solution is held on a depressed region where no 
film 220'a is formed. The solution gradually diffuses to 
the reaction cell 225 through a first passage 222a. The 
first passage 222a may be a groove as shown in Figs. 
13 to 15C, for example. On the other hand, the reaction 
cell 224 may be a groove or hole formed by etching the 
substrate surface. The solution gradually flows into this 
groove or hole, and the volume of the solution held in 
the reaction cell 224 increases. Between the reaction 
cell 224 and the drain cell 228, a second passage 226 is 
so formed that the solution overflowing the reaction cell 
224 flows into the drain cell 228. The drain cell 228 is 
preferably formed of a groove or hole that is deeper than 
the reaction ceil 224, for example. Plural types of solu- 
tions are supplied to the reaction cell 224 from a plural- 
ity of solution cells, so that a mixed solution is prepared. 
The mother liquor containing a molecular species to be 
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crystallized is diluted with other solutions in the reaction 
cell 224. In a droplet 225 containing the mother liquor, 
an excess part comes to flow into the drain cell 228 from 
the reaction cell 224 through the second passage 226. 
Due to this flow, the volume of the solution in the reac- 
tion cell 224 is kept substantially constant, while the 
mother liquor can be prevented from reaching an equi- 
librium state diluted to the limit. Namely, it is possible to 
obtain a prescribed dilution ratio in the reaction cell 224 
by valance of inflow of the liquids. 
[0103] Fig. 1 7 shows another example of the appara- 
tus according to the present invention. Solution cells 
230a, 230b and 230c are arranged on a substrate 230 
at proper spaces. Reaction cells 234-1, 234-2, 234-3, 
234-4 ... 234-n are provided to receive solutions sup- 
plied from the solution cells 230a and 230b respectively. 
On the other hand, reaction cells 234'-1 , 234*-2, 234X3, 
234'-4 ... 234'-n are provided to receive solutions sup- 
plied from the solution cells 230a and 230c respectively. 
First passages 232-1 a to 232-na and 232' -1 a to 232-na 
extend from the solution cell 230a to the respective 
reaction cells. First passages 232-1b to 232-nb extend 
from the solution cell 230b to the respective reaction 
cells, and first passages 232-1 b to 232*-nb extend from 
the solution cell 230c to the respective reaction cells. 
The first passages whose lengths and widths differ from 
each other are connected with the plurality of reaction 
cells respectively as shown in the figure, so that the flow 
rates of the solutions flowing into the respective reaction 
cells from the solution cells are different from each 
other. Therefore, mixed solutions of different concentra- 
tions are obtained in the respective reaction cells. Fur- 
ther, drain cells 238-1 to 238-n and 238'-1 to 238*-n are 
provided on the substrate corresponding to the respec- 
tive reaction cells. These drain cells are connected with 
the respective reaction cells by second passages 236-1 
to 236-n and 236-1 to 236-n respectively. 
[0104] Further, heating electrodes 231a and 231b and 
temperature measuring electrodes 235a and 235b are 
formed on the substrate 230 in prescribed patterns. 
Power is supplied to the heating electrodes 231a and 
231b through terminals 233a and 233b which are 
formed on the substrate 230. The temperature measur- 
ing electrodes 235a and 235b are connected with termi- 
nals 237a and 237b formed on the substrate 230 
respectively. These electrodes and terminals can be 
readily prepared by previously forming insulating films 
239a and 239b consisting of silicon oxide, for example, 
on the substrate in prescribed patterns and forming a 
pattern of a thin chromium film, for example, thereon. 
The substrate may be heated by energizing the heating 
electrodes 231a and 231b. 

[01 05] The structure of the apparatus according to the 
present invention as shown in the above can be 
obtained by a technique employed for a fabrication proc- 
ess of a semiconductor device. This technique includes 
thin film formation, patterned resist formation, photoli- 
thography, etching and the like. Particularly in the case 



of employing a silicon crystal as the substrate, various 
techniques established in the fabrication process of a 
semiconductor device can be readily applied. Fig. 18A 
to Fig. 18D show a process for forming the passages in 

5 the apparatus according to the present invention. When 
a silicon crystal is employed as the substrate, a silicon 
oxide (Si0 2 ) film 241 is first formed on a silicon sub- 
strate 240 (Fig. 18A). Then, the silicon oxide film is 
etched in a prescribed pattern 24V (Fig. 18B). When 

10 anisotropic etching is carried out on the exposed silicon 
surface, V-grooves 242a and 242b are obtained (Fig. 
18C). Further, the silicon oxide film is optionally 
removed by etching (Fig. 18D). Such a process can 
result in passages formed of V-grooves. 

15 [0106] The solution storage part may have various 
structures depending on the properties of the sub- 
stances to be crystallized and the difficulty or easiness 
of crystallization. The surface of a silicon crystal gener- 
ally has such an advantage that an excess of crystal 

20 nuclei is hardly generated on it since crystal defects and 
fixed charges are extremely small. Therefore, the intact 
surface of the silicon crystal may be used as the solu- 
tion storage part for crystal growth. A silicon oxide film 
may be formed on the surface of the silicon crystal for 

25 improvement of hydrophilicity depending on the proper- 
ties of the molecule to be crystallized such as protein. 
[01 07] Examples for accelerating and suppressing for- 
mation of crystal nuclei are further shown. When the 
molecule to be crystallized has negative effective sur- 

30 face charge in an electrolyte solution, for example, 
stacking a p-type silicon layer on an n-type silicon layer 
in a prescribed pattern can suppress deposition of a 
crystal onto an n-type silicon surface and can allow a 
crystal to selectively grow only on the p-type silicon 

35 layer formed in the prescribed pattern, as shown in Rg. 
19 and Fig. 20. In a reaction cell 254 shown in Figs. 19 
and 20, a plurality of islands 254a consisting of a p-type 
silicon layer are arranged on an n-type silicon layer 
254b at prescribed spaces. By forming the islands of the 

40 p-type silicon layer on the n-type silicon layer, it is 
expected that the surface potential may be generated by 
space charges of these layers as shown in Fig. 21 , for 
example. Thus, it is conceivable that a crystal nucleus is 
secondarily formed depending on the distribution of the 

45 surface potential. By forming such a portion suitable for 
crystallization at a specific region of the reaction cell by 
valence electron control, a crystal which is excellent in 
crystallinity and has a large size can be grown at the 
specific region while suppressing excessive formation 

so of crystal nuclei or growth of twins. Such a structure 
allows the position for depositing the crystal to be con- 
trolled. 

[01 08] The formation of the regions whose resistance 
values and/or types of impurity elements spatially differ 
55 from each other can be readily attained by selectively 
doping a substrate consisting of a silicon crystal or the 
like with impurities. As another method, etching the sur- 
face of a substrate consisting of a silicon crystal or the 
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like may expose silicon surfaces whose resistance val- 
ues differ from each other Fig. 22 shows an example of 
etching the surface of a substrate. After entirely forming 
a p-type silicon layer on an n-type silicon layer 274b, 
grooves 274c are formed by etching, and islands 274a 
of the p-type silicon layer are obtained. The surface 
potential in the substrate of such a structure is as shown 
in Fig. 22. The surface potential lowers in the portions 
where the n-type silicon layer 274b is exposed by etch- 
ing. 

[0109] In the apparatus shown in Figs. 19 and 20, V- 
groove 254c is also formed around the reaction cell 254. 
The groove may be properly formed depending on the 
object of crystallization. Solutions supplied from pas- 
sages 252a and 252b are temporarily stored in the 
groove 254c, and then supplied into the depression hav- 
ing the islands of the p-type silicon layer. The solution is 
also fed from a passage 256 to a drain cell through the 
groove 254c. Fig. 23A to Fig. 23C are adapted to illus- 
trate the role of the groove part formed in the reaction 
cell. When starting crystallization, mother liquor con- 
taining a macromolecule is supplied to the groove 254c, 
and held a droplet 251 by surface tension (Fig. 23A). 
Formation of a crystal is suppressed in this state. This is 
because the surface of the substrate coming into con- 
tact with the droplet suppresses formation of a crystal 
by the valence electron control. Then, the volume of the 
droplet 251 is increased as the solution is supplied 
through the passage as shown in Fig. 23B, and the 
solution soon comes to move to the flat part in the reac- 
tion cell 254 including the islands of the p-type silicon 
layer. Finally as shown in Fig. 23C, a solution 251 ' cov- 
ers the overall flat part, and crystallization is facilitated 
on any island 254b of the p-type silicon layer. Thus 
forming the V-groove around the mother liquor for crys- 
tallization can be expected to suppress convection in 
the region for bringing out crystallization. Namely, it is 
conceivable that convection mainly takes place in the V- 
groove when the solution is supplied and the convection 
is relaxed in the flat part performing crystallization. 
[0110] In the apparatus according to the present 
invention, a plurality of grooves or a plurality of islands 
to which impurity element is added may be formed on 
the surface of the reaction cell serving as the second 
solution storage part as above described. Grooves or 
islands of plural sizes may be formed on one reaction 
cell. The sizes and depths of the grooves formed on the 
substrate surface and the sizes of the islands are desir- 
ably changed properly depending on the type of the 
macromolecule to be crystallized. In general, the width 
of the groove or island may be in the range of 0.01 to 
1 00 jim. The length of the groove may be in the range of 
0.1 to 10 mm, for example. Further, plural grooves or 
islands may be formed at a space in the range of 1 nm 
to 1 mm. By forming a large number of islands and 
grooves whose sizes differ from each other, a possibility 
of providing a more preferable region for crystallization 
can be increased. The depth of the groove may also be 



adjusted in the range of 0.01 to 200 jim. While these 
size ranges are preferable mainly in terms of the proc- 
ess of the apparatus, sizes in other ranges exert no 
decisive bad influence on the performance of the appa- 

5 ratus, i.e., crystallization. 

[0111] The size of the reaction cell as the second solu- 
tion storage part formed on the substrate surface should 
be decided depending on the amount of the employed 
solution. The size of the reaction cell is preferably about 

10 0.1 to 10 mm square in general. When the reaction cell 
having a hole or depression is formed by etching the 
substrate surface, the depth of the hole or depression is 
preferably in the range of about 0.01 to 500 urn. 
[01 1 2] The passages may be formed by etching the 

is substrate itself or etching a film such as an oxide film 
formed on the substrate surface. The width of the 
groove may be in the range of 0.01 to 10000 ym, for 
example. The length of the groove is preferably formed 
in the range of 0.1 to 100 mm. Further, plural grooves 

20 are preferably formed at a space in the range of 0.01 to 
10000 fim. The depth of the groove is preferably 
adjusted in the range of 0.01 to 200 urn. The passage 
may be formed of a plurality of the grooves having the 
sizes in these ranges respectively. The whole width of 

25 the passage formed of the plurality of grooves may be in 
the range of 1 jim to 10 mm. 
[01 1 3] Additionally, a water-repellent layer is prefera- 
bly formed on the surface of the solid-state component 
such as a silicon substrate to surround the solution stor- 

30 age parts and the passages. This layer can effectively 
prevent a solution from flowing out to the periphery 
when the solution is held. While a silicon surface 
obtained by removing the oxide film, for example, is 
generally water-repellent to pure water or water contain- 

35 ing only acid or alkali, the same has decreased water- 
repellent property to an aqueous solution containing 
salt such as a buffer solution. When a buffer solution is 
employed, therefore, a layer consisting of a water-repel- 
lent substance should be formed around the silicon sub- 

40 strate. The water-repellent layer may be composed of 
organic resin, for example, and polyimide resin is one of 
the materials that can most conveniently form the water- 
repellent layer. When a water-repellent layer consisting 
of polyimide is prepared, the substrate is coated with 

45 photosensitive or non-photosensitive polyimide resin 
and the resin is hardened, and then unnecessary parts 
may be removed by etching or development to obtain a 
desired pattern. 

[01 1 4] While the thickness of the water-repellent layer 
so employed in the present invention may not be function- 
ally limited in particular, that of a thickness in the range 
of 0.1 to 100 jim is relatively easy to prepare. Various 
materials may also be employed for this layer so far as 
the same exhibit water repellence and are chemically 
55 stable in the solution. 

[01 1 5] According to still another preferred mode of the 
present invention, a first solution storage part for hold- 
ing a solution (e.g., a mother liquor, a precipitant, a 
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buffer solution or the like) employed for crystal growth 
as a droplet, a second solution storage part for receiving 
the solution discharged from the first solution storage 
part and growing a target crystal, and a third solution 
storage part for receiving the solution from the second 5 
solution storage part may be formed on the surface of a 
substrate. In order to hold plural types of solutions inde- 
pendently, a plurality of the first solution storage parts 
are preferably provided. The first solution storage part is 
connected with the second solution storage part w 
through a passage provided on the surface of the sub- 
strate. The solution employed for crystal growth is fed 
from the first storage parts to the second storage part by 
this passage. When a plurality of the second solution 
storage parts are provided, a plurality of passages are 75 
provided for feeding the solutions from each of the first 
solution storage parts to the second solution storage 
parts. In this apparatus, the second solution storage 
part is provided on the front surface of the substrate, 
and the third solution storage part is provided on the 20 
rear surface of the substrate. The second solution stor- 
age part and the third solution storage part are con- 
nected with each other by a through hole passing 
through the substrate. The three solution storage parts 
are connected through the passage and the through 2 s 
hole, so that mutual diffusion of the solutions held in the 
respective storage parts can be spatially and temporally 
changed to bring conditions suitable for crystallization 
particularly in the second solution storage part and/or 
the third solution storage part in good reproducibility. 30 
Generally, in chemical reaction, the chemical reaction 
may be temporally and/or spatially maintained stable or 
preferred reaction conditions may be attained by ren- 
dering the reaction system a nonlinear and non-equilib- 
rium open system (dissipative system) . Further, delicate 35 
reaction conditions similar to those inside organisms 
may be attained by such an open system. In order to 
artificially implement such a non-equilibrium open sys- 
tem, the present invention connects the second solution 
storage part formed on the front surface of the substrate 40 
with the third solution storage part formed on the rear 
surface of the substrate by the through hole to allow liq- 
uid to move between these storage parts. Such a struc- 
ture gives a non-equilibrium system in which movement 
of substances mutually takes place between the two 45 
storage parts, as descrtoed later. 
[01 16] A plurality of the second solution storage parts 
may be provided in this apparatus. A plurality of pas- 
sages for carrying solutions are connected to these sec- 
ond solution storage parts respectively. Among these so 
passages, a passage toward one of the second solution 
storage parts may have a length and/or a depth different 
from that of a passage toward another one of the sec- 
ond solution storage parts. Further, their depths may be 
varied at need. Thus, the flow rates of the solutions fed 55 
by the respective passages come to differ from each 
other. Between the plurality of second solution storage 
parts, the flow rates of the received solutions come to 



differ from each other. Therefore, different liquid mix- 
tures in which at least two types of solutions are mixed 
with each other in different ratios can be prepared in the 
plurality of second solution storage parts. 
[01 17] In this apparatus, capillarity in fine grooves and 
a fine through hole can be a driving force for diffusion of 
the solutions between the solution storage parts. For 
example, the passages for passing the solutions may be 
formed of a plurality of fine grooves. The grooves may 
be formed by working the substrate itself by etching or 
the like, or may be formed by working a film provided on 
the substrate by etching or the like. In order to structure 
the passages, it is preferable to form a plurality of 
grooves whose widths and/or depths differ from each 
other and to widen the widths of the grooves as going 
from the upper stream to the lower stream. Further, it is 
possible to form a structure of a stepwise shape or hav- 
ing a gradient by deepening the grooves as going from 
the upper stream to the lower stream. The widths and/or 
the depths of the grooves may be continuously 
changed, or may be changed in a stepwise manner. 
Changing the widths and/or the depths of the grooves 
as going from the upper stream to the lower stream 
allows the direction and rate of the solution flow to be 
controlled. 

[01 1 8] Furthermore, the supply amount of the solution 
can be changed by changing the size of the passage. 
The mixing ratio between the plural types of solutions 
can be controlled by changing the flow rates of the solu- 
tions supplied to the second solution storage partsjor 
performing crystallization. When the flow rate is 
adjusted for each of the plural passages, mixing ratios 
of more variety can be obtained, so that more conditions 
can be prepared for crystallization. 
[01 1 9] Further, means for heating the substrate or the 
stored solutions may be provided in the apparatus. 
Such means may be a heating electrode which is 
formed on the substrate, for example. The respective 
heated solutions are extruded to the passages by driv- 
ing force of expansion of the volumes thereof. Addition- 
ally, the heated solutions readily flow since the viscosity 
is reduced. Therefore, transition of the solutions is facil- 
itated by heating. When the substrate is partially heated 
with the heating means, a temperature gradient can be 
provided in the substrate. The temperature differs 
between the plurality of second solution storage parts 
depending on the temperature gradient. Solubility of the 
substance to be crystallized also varies with the solu- 
tions whose temperatures differ from each other. There- 
fore, more conditions for crystallization can be obtained 
in a single apparatus due to the temperature difference. 
Further, the solutions in the storage parts enter a ther- 
modynamically non-equilibrium state by making the 
second solution storage part(s) and/or the third solution 
storage part(s) respectively have a temperature gradi- 
ent. In this case, it is expected that further preferable 
reaction conditions are formed. 
[0120] Furthermore, the effect of electrostatic attrac- 
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tion acting on the substrate for suppression of convec- 
tion can be improved by forming a groove or hole in the 
second solution storage part by fine working. Particu- 
larly on the bottom of the groove formed on the sub- 
strate, electrostatic interaction can be substantially 5 
isotropically exerted on the molecules to be crystallized. 
When a crystal nucleus is formed on the bottom of the 
groove, the crystal nucleus can be allowed to stand still 
on the bottom of the groove by electrostatic interaction, 
so that the crystal nucleus can be protected against w 
convection based on influence of gravity. When a crystal 
grows on the basis of a substantially standstill nucleus, 
it is expected that forming of excess microcrystals is 
suppressed and a large-sized crystal in which the mole- 
cules are regularly gathered on the surface of the crys- 75 
taf nucleus can be obtained. On the other hand, 
convection readily takes place in the crystallization part 
when the solution is supplied from the passage. Such 
convection can be suppressed by forming a groove 
around the second solution storage part. Namely, the 20 
convection can be generated mainly in the groove when 
the solution is supplied, so that the influence of the con- 
vection can be relaxed in the crystallization part. 
[01 21 ] A further example of the apparatus according 
to the present invention is shown in Fig. 24 and Fig. 25. 25 
Fig. 24 schematically shows arrangement of respective 
solution storage parts, passages and electrodes. Fig. 
25 is a sectional view showing the example of the appa- 
ratus structure. A plurality of solution cells 312a, 312b, 
312c. 314a, 314b and 314c corresponding to the first 30 
solution storage part, and reaction cells 31 8a. 31 8b and 
318c corresponding to the second solution storage part 
are formed on the surface of a substrate 310 forming the 
apparatus in proper positions. Passages 316a, 316b, 
316c, 316'a, 316'band 316 c are formed between these 35 
solution cells and reaction cells respectively. These pas- 
sages enable movement of solutions from the solution 
cells to the reaction cells. As shown in Fig. 25. the solu- 
tion cells and the reaction cells may be concave parts or 
holes formed on the substrate 310. Further, the pas- 40 
sages may be formed by working a film 17 formed on 
the substrate 310. As shown in Fig. 25, a reaction cell 
320a corresponding to the third solution storage part is 
formed at a position opposed to the reaction cell 318a 
on the rear surface of the substrate 310. The reaction 45 
cell 320a may also be a concave part or hole formed on 
the substrate 310. A plurality of through holes 322a are 
formed between the reaction cell 318a on the front sur- 
face and the reaction cell 320a on the rear surface. The 
through holes 322a enable mobilization of liquid so 
between the front surface and the rear surface. 
Although illustration is omitted, reaction cells are simi- 
larly provided also at the positions opposed to the reac- 
tion cells 318b and 318c on the rear surface of the 
substrate 310 respectively, and the through holes 322b 55 
and 322c allow liquid to move between the reaction cells 
on the front surface and the reaction cells on the rear 
surface. No trouble arises even if the number of the cells 



are other than the number shown in Fig. 24. A heating 
electrode 326 and a temperature measurement elec- 
trode 324 are also provided at an end portion of the sub- 
strate 310, as shown in Fig. 24. In this apparatus, a 
mother liquor of macromolecule to be crystallized such 
as protein, for example, may be previously supplied to 
the reaction cells, so that solutions necessary for crys- 
tallization are supplied from the plurality of solution cells 
to the reaction cells. The solution cells 312a to 312c 
may also supply the mother liquor containing a macro- 
molecule such as protein to be crystallized respectively, 
and the solution cells 314a to 314c may also supply a 
solution for controlling conditions of crystallization such 
as a buffer solution respectively. The reaction cells 318a 
to 318c receive these solutions respectively, and give 
mixed solutions suitable for crystallization. When a 
molecular complex is to be formed, the reaction cells 
318a to 318c may hold one molecular species for form- 
ing the complex respectively, the solution cells 312a to 
312c may hold another molecular species respectively, 
and the solution ceils 314a to 314c may hold a solution 
for setting conditions respectively. Supplying the solu- 
tions from the solution cells to the reaction cells 31 8a to 
318c respectively can cause reaction to prepare the 
molecular complex. Furthermore, the reaction cells on 
the rear surface may previously hold a solution and then 
the solution may be supplied from the respective solu- 
tion cells to the reaction cells on the front surface 
through the passages. This operation can gradually give 
mutual diffusion between the solution held on the rear 
surface and the solution held on the front surface. 
[01 22] Fig. 26A to Fig. 26D show various structures of 
the reaction cells corresponding to the second solution 
storage part. The reaction cells shown in Fig. 26A have 
the most basic structure. A concave part or a hole is 
formed on the front surface of a substrate 340a for pro- 
viding a reaction cell 348a. A concave part or a hole is 
also formed on the rear surface of the substrate 340a for 
providing a reaction cell 350. The reaction cell 348a and 
the reaction cell 350 are connected with each other by a 
plurality of through holes 342. In the structure shown in 
Fig. 26B, an impurity layer 341b is formed on the sur- 
face of a substrate 340b, and the portions from which 
the impurity layer 341b is removed and the portions on 
which the impurity layer 341b is left are arranged in a 
prescribed pattern at a reaction cell 348b of the front 
side. The portions 343b on which the impurity layer 
341b is left have tapered shapes. The position where 
nucleation is facilitated can be controlled by arranging 
the impurity layer in a prescribed pattern in the reaction 
cell, as described later. In a reaction cell 348c shown in 
Fig. 26C, portions 43c on which an impurity layer 41c is 
left have trapezoidal shapes. A reaction cell 350 is sim- 
ilarly formed on the rear surface of a substrate 340c. In 
a reaction cell 348d shown in Fig. 26D, portions 343c 
have no impurity introduced are arranged in a pre- 
scribed pattern. The remaining portions are covered 
with an impurity layer 341 d on the surface of a substrate 
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340d. 

[01 23] Fig. 27 schematically shows an exemplary use 
of the apparatus. The apparatus of the present invention 
consisting of a substrate 360 is supported by support 
legs 387 or the like, and stored in a container 381. A s 
solution 385 such as a buffer solution is held on the bot- 
tom of the container 381, and the opening of the con- 
tainer 381 is closed with a lid 383 for preventing 
evaporation of the solution. Onto solution cells 362 and 
364 of the substrate 360 horizontally held by the sup- 10 
port legs 387, solutions such as a buffer solution for 
adjusting conditions of crystallization or a solution con- 
taining a substance to be crystallized such as protein 
are dropped. Parts of droplets 371 and 373 held in the 
solution cells 362 and 364 respectively come to f taw into is 
an upper reaction cell 368 formed on the upper surface 
of the substrate 360 through passages 366 and 366' 
respectively. The solutions flowing thereinto shift to a 
tower reaction cell 370 formed on the lower surface of 
the substrate via through holes 372. Thus, a droplet 375 20 
hanging down in the direction of gravity is held in the 
lower reaction cell 370. The solution move by capillarity, 
to be held in the respective reaction ceils. Desired crys- 
tallization and/or reaction can be carried out in the reac- 
tion ceils while making such transition of the solution. 25 
[01 24] Fig. 28A to Fig. 28C show the functional princi- 
ple of the upper reaction cell and the lower reaction cell 
connected with each other by the through holes. As 
shown in Fig. 28A, the solution flows into the upper 
reaction cell 368 formed on the upper surface of the 30 
substrate 360 through the passages 366 and 366', while 
the liquid flowing thereinto flows down into the lower 
reaction cell 370 by the through holes 372, and are held 
as the droplet 375. When the solution is further allowed 
to flow into the upper reaction cell 368 as shown in Fig. 35 
28B, the solution come to be held little by little also in 
the upper reaction cell 368 while the droplet 375 hang- 
ing down in the direction of gravity is kept in the lower 
reaction ceil 370. The direction of the solution flow at 
this time is mainly as shown by arrows. When the solu- 40 
tion is further allowed to flew into the upper reaction cell 
368, it will cause circulation of the liquid as shown in Fig. 
28C. When the through holes 372 have a proper diame- 
ter, flows in the upper direction and the lower direction 
will simultaneously take place in one through hole as 45 
shown at A in Fig. 28C. As shown at B in Fig. 28C, f taws 
reversely directed to each other will also take place syn- 
chronously between a plurality of through holes. 
Although the solutions seem to be in an equilibrium 
state in the reaction cells at a glance, the solutions held so 
in the reaction cells are not in a thermodynamically 
equilibrium state but in such a biological living state" 
that the flow of the solution rhythmically fluctuate. Due 
to such non-equilibrium environment, it is expectable 
that chemical reaction including a phenomenon of crys- ss 
tallization permanently progresses. 
[01 25] Fig. 29 A shows the phenomenon shown in Fig. 
28A to Fig. 28C as a change of solution concentration 



with respect to time. Referring to Fig. 29, the horizontal 
axis expresses the time and the vertical axis expresses 
the solution concentration. When simply mixing solu- 
tions with each other in a beaker or the like, for example, 
the concentration of a certain substance gradually 
reduces in the beaker, finally reaches a constant value, 
and thereafter remains unchanged. Such a process is 
shown by a curve Z in Fig. 29A. In the apparatus 
according to the present invention, on the other hand, 
the flows such as those shown in Fig. 28A to Fig. 28C 
take place between the reaction cells, so that the 
change of the substance concentration with time follows 
a process shown on a curve X or Y in Fig. 29A. Namely, 
the concentration will periodically fluctuate over a long 
time. Such concentration change is similar to phenom- 
ena which take place in various substances in organ- 
isms. Fig. 29B shows phase orbit curves of the 
concentration change shown in Fig. 29A. Curves X', Y' 
and T shown in Fig. 29B correspond to the curves X, Y 
and Z shown in Fig. 29A respectively. 
[0126] An example of the passage formed on this 
apparatus is schematically shown in Fig. 30. A passage 
386 is formed of plural types of grooves 386a, 386b, 
386c, 386d and 386e. The respective grooves 386a to 
386e have prescribed lengths, and are partially super- 
posed with the adjacent grooves. The grooves on the 
right side toward the figure have wider widths than the 
left-side grooves. Changing the widths of the grooves 
allows solution to stream in the direction of arrow as 
shown in the figure by driving force of capillarity. The 
grooves faming the passage have sectional structures 
shown in Fig. 31 A and Fig. 31B, for example. Grooves 
396 shown in Fig. 31 A are built up of a plurality of walls 
391 formed on a substrate 390. In the case of employ- 
ing silicon as the substrate, the perpendicularly upright 
walls 391 may be prepared from silicon oxide, for exam- 
ple. As shown in Fig. 31 B, V-shaped grooves 396* may 
also formed on a substrate 390 by anisotropic etching, 
for example. When silicon is employed as the substrate, 
such V-grooves may be formed by a general method 
employed for fabrication of a semiconductor device. 
[0127] A passage as shown in Fig. 13 may be pro- 
vided in the apparatus. Such a passage may be formed 
in a process as shown in Fig. 18A to Fig. 18D, for exam- 
ple. In place of V-grooves, grooves of other shapes such 
as U-shaped grooves may be formed. The grooves may 
be formed in the substrate itself, or may be obtained by 
working a film such as an insulating film formed on the 
substrate. The apparatus may be obtained by a tech- 
nique employed for a fabrication process for a semicon- 
ductor device. 

[01 28] When the molecule to be crystallized has pos- 
itive effective surface charge in an electrolyte solution, 
for example, in the apparatus having a through hole, a 
low-resistance n-type silicon layer formed on a high- 
resistance n-type silicon layer in a prescribed pattern 
can suppress deposition of a crystal onto the high- 
resistance n-type silicon surface so that the crystal can 
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selectively be grown on the low-resistance n-type silicon 
layer formed in the prescribed pattern. In a reaction cell 
428 shown in Figs. 32 and 33, a plurality of islands 428a 
consisting of a low-resistance n-type silicon layer are 
arranged on a high-resistance n-type silicon layer 428b 
at prescribed spaces. By forming such islands, it is 
expected that the surface potential generated by space 
charges of these layers may be as shown in Fig. 34, for 
example. Thus, it is conceivable that a crystal nucleus is 
secondarily formed depending on the distribution of this 
surface potential. Forming such a portion suitable for 
crystallization at a specific region in the reaction cell by 
valence electron control can suppress formation of 
excessive crystal nuclei or growth of twins, so that a 
crystal having good crystallinity and a large size can be 
grown at the specific region. Such a structure can con- 
trol a position for depositing a crystal. 
[0129] Forming such regions whose resistance values 
and/or types of impurity elements spatially differ from 
each other can be readily attained by selectively doping 
a substrate consisting of a silicon crystal or the like with 
impurities. As another method, silicon surfaces whose 
resistance values differ from each other may also be 
exposed by etching the surface of the substrate consist- 
ing of a silicon crystal or the like. Fig. 35 shows an 
example having an etched surface of the substrate. 
After forming a low-resistance n-type silicon layer 
entirely on a high-resistance n-type silicon layer 438b, 
islands 438a of the low-resistance n-type silicon layer 
are obtained by forming grooves 438c by etching. The 
surface potential in the substrate of such a structure is 
as shown in Fig. 35. The portions where the high-resist- 
ance n-type silicon layer 438b is exposed by etching 
have a higher surface potential. 
[0130] In the apparatus shown in Figs. 32 and 33, V- 
groove 428c is also formed around the reaction ceil 428. 
The groove may be properly formed depending on the 
object of crystallization. Solutions supplied from pas- 
sages 426a and 426D are temporarily stored in the 
groove 428c, and then supplied to the depression hav- 
ing the islands of the low-resistance n-type silicon layer. 
Further, the solution are fed to the opposed cell (illustra- 
tion omitted) via through holes 432. Figs. 36A to Fig. 
36C are adapted to illustrate the role of the groove part 
formed with the reaction cell. In starting crystallization, a 
mother liquor containing a macromolecule is supplied to 
the groove 428c, and held as a droplet 421 by surface 
tension (Fig. 36A). Formation of a crystal is suppressed 
in this state. This is because the valence electron con- 
trol has made the surface of the substrate coming into 
contact with the droplet suppress the formation of the 
crystal. Then, as solutions are supplied through the 
passages as shown in Fig. 36B, the volume of the drop- 
let 421 increases and the solution soon comes to move 
to a flat part including the islands of the low-resistance 
n-type silicon layer in the reaction cell 428. Finally as 
shown in Fig. 36C, a solution 42V covers overall the flat 
part and crystallization is facilitated on the islands 428a 



of the low-resistance n-type silicon layer. Thus, sup- 
pression of convection in a region for performing crystal- 
lization can be expected by forming V-groove around 
the mother liquor for crystallization. Namely, it is con- 
5 ceivable that convection mainly takes place in the V- 
groove when the solutions are supplied, and the con- 
vection is relaxed in the flat part performing crystalliza- 
tion. 

[0131] While an example of forming a region of low- 

10 resistance n-type silicon on high-resistance n-type sili- 
con has been shown in the above, a similar effect can 
be expected also in the case of forming islands of an n- 
type silicon layer on p-type silicon, for example. The 
conductivity types and resistance values of silicon may 

15 be properly selected depending on the charged states 
of substances to be crystallized. 
[01 32] In the apparatus having through holes, a plural- 
ity of grooves or islands to which impurity is added may 
be formed on the surface of the reaction cell serving as 

20 the second solution storage part, as described above. 
Grooves or islands of plural sizes may be prepared on a 
single reaction cell, ft is preferable to properly change 
the size and depth of the groove formed on the sub- 
strate surface and the size of the island depending on 

25 the type of the macromolecule to be crystallized. In gen- 
eral, the width of the groove or island may be in the 
range of 0.01 to 100 fun. The length of the groove may 
be in the range of 0.1 to 10 mm, for example. A plurality 
of the grooves or islands may be formed at a space in 

30 the range of 1 jytm to 1 mm. When a large number of the 
islands and grooves whose sizes differ from each other, 
a possibility of more preferred regions for crystallization 
can be increased. The depth of the groove may also be 
adjusted in the range of 0.01 to 200 urn. While these 

35 sizes are preferable ranges mainly in the fabrication of 
the apparatus, sizes other than these ranges exert no 
decisive bad influence on the performance of the appa- 
ratus, i.e., crystallization. 

[01 33] The size of the reaction cell as the second solu- 
40 tion storage part formed on the surface of the substrate 
having the through hole should be decided depending 
on the amount of the employed solution. In general, the 
size of the reaction cell is preferably about 0. 1 to 1 0 mm 
square. In the case of forming a reaction cell having a 
45 hole or depression by etching the substrate surface, the 
depth of the hole or depression is preferably in the 
range of about 0.01 to 500 jim. 
[0134] The passage may be formed by etching the 
substrate itself or a film such as an oxide film formed on 
so the substrate surface. The width of the groove may be in 
the range of 0.01 to 10000 |jtm, for example. The length 
of the groove is preferably prepared in the range of 0.1 
to 1 00 mm. A plurality of the grooves are also preferably 
formed at a space in the range of 0.01 to 10000 urn. 
55 Further, it is preferable to adjust the depth of the groove 
in the range of 0.01 to 200 jim. The passage may be 
formed of a plurality of the grooves having the sizes in 
these ranges respectively. The whole width of the pas- 
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sage formed of the plurality of grooves may be in the 
range of 1 \im to 10 mm. 

[0135] In the apparatus having the through hole, the 
solid-state component surface of a silicon substrate or 
the like preferably has a water-repellent layer surround- s 
ing the solution storage part and the passage. This layer 
can effectively prevent the solution from flowing out to 
the periphery when the solution is held. While a silicon 
surface obtained by removing the oxide film, for exam- 
ple, is generally water-repellent to pure water or water 10 
containing only acid or alkali, the same has decreased 
water-repellent property to an aqueous solution con- 
taining salt such as a buffer solution. When a buffer 
solution is employed, therefore, a layer consisting of a 
water-repellent substance is preferably formed around is 
the silicon substrate. The water-repellent layer may be 
composed of organic resin, for example, and resist resin 
and polyimide resin are examples of the materials that 
can most conveniently form the water-repellent layer. 
When a water-repellent layer consisting of polyimide is 20 
prepared, the substrate is coated with photosensitive or 
non-photosensitive polyimide resin and the resin is 
hardened, and then unnecessary parts may be 
removed by etching or development to obtain a desired 
pattern. While the thickness of the water-repellent layer 25 
employed in the present invention may not be function- 
ally limited in particular, that of a thickness in the range 
of 0.1 to 100 itm is relatively easy to prepare. Various 
materials may also be employed for this layer so far as . 
the same exhibit water repellence and are chemically 30 
stable in the solution. 

[0136] The through hole formed in the substrate may 
be formed by etching, for example. When a silicon crys- 
tal substrate is employed, for example, the through hole 
may be formed by anisotropic etching or dry etching. 35 
The size of the through hole exerts influence on the 
periodic fluctuation of the solution held in the solution 
storage parts. Therefore, the size of the through hole is 
so set that desired fluctuation can occur. In general, the 
diameter of the through hole is preferably in the range of 40 
1 .0 nm to 5 mm, and more preferably in the range of 10 
urn to 1 mm. The number of the through holes formed 
on the respective storage parts is not particularly lim- 
ited. 

[0137] The heating electrode and the temperature 45 
measurement electrode which may be formed on the 
apparatus according to the present invention can be 
readily prepared by patterning a thin film consisting of a 
resistive metal material. Ci, Ti, NiCr or the like may be 
mainly employed as the resistive metal material. These so 
may be deposited on the substrate by sputtering or the 
like, and then patterning by a general method may be 
carried out to obtain electrodes having desired charac- 
teristics, tn the case of heating the silicon substrate, the 
temperature range of 30 to 100°C is preferable at the 55 
vicinity of the heater, and the range of 40 to 80°C is 
more preferable. 

[0138] The present invention may be employed for 



crystallizing various macromolecules, particularly a 
macromolecular electrolyte. The present invention is 
preferably applied to crystallization of protein such as 
enzyme and membrane protein, polypeptide, peptide, 
polysaccharide, nucleic acid, and complexes and deriv- 
atives thereof, in particular. The present invention is 
preferably applied to crystallization of a biological mac- 
romolecule. The present invention can also be applied 
to a micro reactor apparatus for performing capturing, 
refinement, synthesis and the like of various biological 
macromolecules such as protein, enzyme and nucleic 
acid, in vivo or in vitro. The apparatus according to the 
present invention can have a microstructure and inte- 
grated structure by the aforementioned technique. 

Example 1 

[0139] Lysozyme from chicken egg white was dis- 
solved in a standard buffer solution of pH 4.5 in a con- 
centration of 50 mg/ml. As to this solution, 
crystallization was earned out by employing two types of 
silicon crystals shown below. 

(1) Sample- 1 

[0140] An n-type silicon layer of low resistance (spe- 
cific resistance: about 0.01 £cm. thickness: about 0.5 
Jim) was entirely formed on an n-type silicon substrate 
surface of about 30 Qcm in specific resistance by ion 
implantation of a phosphorus element. Then an oxide 
silicon layer of 200 nm was formed on the surface by 
thermal oxidation. Then, solution storage parts, pas- 
sages, electrode patterns and pads were formed on its 
surface in a structure as shown in Fig. 2. These were 
able to be formed by employing a photolithographic 
process and an etching technique or the like generally 
employed for a fabrication process of an LSI. The solu- 
tion storage parts 12a, 12b and 12c shown in Fig. 2 had 
a size of 3 mm by 5 mm, and the solution storage part 
12d had a size of 3 mm by 10 mm. V-grooves were 
formed at the respective solution storage parts by ani- 
sotropic etching of silicon. The depth of all the V- 
grooves was 200 \xm. On the other hand, all of the solu- 
tion storage parts 14 for crystal growth shown in Fig. 2 
were in a size of 0.2 mm by 0.2 mm. Also as to these, V- 
grooves were formed by etching. The depth of the 
grooves was about 5 pm The passages mutually con- 
necting the respective solution storage parts were in a 
shape of V-grooves. Among the passages shown in Rg. 
2, the passages arranged in the vertical direction toward 
the figure were V-grooves whose width and depth were 
50 pm. The passages arranged in the horizontal direc- 
tion toward the figure were V-grooves whose width and 
depth were 1 00 jim. The passages connecting the solu- 
tion storage parts for crystal growth obliquely located to 
each other were V-grooves whose width and depth were 
20 |im. All the V-grooves were formed by anisotropic 
etching of the silicon surface. 
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[0141] The heating electrodes 18 and 28 shown in Fig. 
2 were obtained by forming a Cr thin film on the silicon 
oxide film and patterning the same. Its film thickness 
was 0.2 urn. Further, Al layers of 1 urn in thickness were 
formed on the Cr thin film as the pads 21 and 31 . On the 
rear surface of the silicon substrate, a rear surface elec- 
trode as shown in Fig. 3 was prepared by removing the 
silicon oxide film and then forming thin films of Ti, Ni and 
Au continuously in thicknesses of 0.05 fim, 0.2 fim and 
0.2 fim respectively. Thereafter photosensitive polyim- 
ide was applied to the silicon substrate surface and pat- 
terning was performed by photolithography so that a 
polyimide layer of 10 jAin in thickness was formed on the 
surface other than the solution storage parts and the 
passages. The obtained structure was employed for a 
solid-state component for crystallization. 

(2) Sample-2 

[0142] Ion implantation was performed in a method 
similar to that in the sample-1, for preparing an n-type 
silicon layer of low resistance on an n-type silicon sub- 
strate. The specific resistance and the thickness of the 
n-type layer are identical to those of the sample-1. 
Thereafter it was employed as a solid-state component 
for crystallization as such, without forming V-grooves. 
[0143] An experiment for crystallization was per- 
formed in an apparatus as shown in Fig. 1 1 . The silicon 
substrate of the sample-1 was held in a lidded cell plate 
of about 40 mm in diameter so that the surface formed 
with the V-grooves was upward. A buffer solution of pH 
4.5 was injected onto the bottom of the cell plate by 
about 5 ml. After allowing the cell plate holding the sili- 
con substrate to stand still in a cool dark place at 10°C, 
the aforementioned solution of lysozyme was dripped 
onto the solution storage part 12d shown in Fig. 2 not to 
overt low. A buffer solution of pH 4.5 and an NaCI aque- 
ous solution of 1.0 M were dripped onto the solution 
storage parts 12a and 1 2c and onto the solution storage 
part 12b not to overflow respectively. Thereafter the cell 
plate was closed with the lid, a current was fed to the 
heating electrodes, and heating was made until the tem- 
peratures of the respective solutions increased to levels 
around 50°C. The heating was stopped when the 
respective solutions started to reach the storage parts 
for crystal growth through the passages. The experi- 
ment for crystallization was made as to two cases 
including the case of applying a voltage of +1.0 V from 
the outside through the rear surface electrode and the 
case of bringing the substrate into a floating state with- 
out applying voltage. When the voltage was applied, 
application of the voltage was started after the respec- 
tive solutions reached the storage parts for crystal 
growth through the passages by heating, and the appli- 
cation of the voltage was then continuously performed. 
[0144] The silicon substrate of the sample-2 as such 
was stored in a cell plate holding a buffer solution of pH 
4.5 on its bottom portion. Then, a lysozyme solution 



similar to the case of the sample-1 was dripped onto the 
silicon substrate, for forming a droplet of about 1 0 mm in 
diameter. Further, a solution prepared by mixing an 
NaCI aqueous solution of 1 .0 M and a buffer solution of 

5 pH 4.5 in a volume ratio of 1 :1 was dripped onto a place 
separating from the above droplet by about 5 mm on the 
silicon substrate, so that a droplet of about 10 mm in 
diameter was similarly formed. Thereafter a thin pas- 
sage was formed between the droplets by drawing a line 

w from one droplet to the other droplet with a needle, so 
that the droplets were connected with each other. The 
cell plate was closed with the lid, and the silicon sub- 
strate was kept in a cool dark place at 10°C. 
[0145] After keeping the silicon substrates of the sam- 

15 ple-1 and the sample-2 in the cool dark places for 50 
hours respectively, the respective samples were taken 
out to observe crystals of lysozyme with a microscope. 
The results are shown in Figs. 37, 38 and 39. Further, 
Figs. 40, 41 and 42 schematically show the morphology 

20 and the state of the crystals shown in Figs. 37, 38 and 
39 respectively. On the silicon substrate of the sample- 
1, relatively large-sized well grown crystals were 
obtained on the V-grooves of the solution storage parts 
as shown in Figs. 37 and 40 even in the case of applying 

25 no voltage. The obtained crystals were good in crystal- 
Nnrty as to the crystal planes, and in single-crystalline 
state. In the case of applying the voltage, further large- 
sized crystals which were good in crystaflinrty were 
obtained on the V-grooves of the solution storage parts 

30 as shown in Figs. 38 and 41 . On the silicon substrate of 
the sample-2, on the other hand, large-sized crystals of 
about 1 mm were grown as shown in Figs. 39 and 42, 
while they were twins or had inferior surface state of the 
grown crystals and not much excellent crystals were 

35 obtained. This result shows that a large-sized single 
crystal of good quality can be prepared according to the 
present invention, even with a very small amount of 
sample. 

40 Example 2 

[0146] Lysozyme from chicken egg white was dis- 
solved in a standard buffer solution of pH 4.5 in a con- 
centration of 30 mg/ml. Crystallization was performed in 
45 two types of apparatuses consisting of silicon crystal. 

(1) Sample-1 

[0147] The surface of an n-type silicon substrate of 
so about 30 Q. • cm in specific resistance was subjected to 
ion implantation with a phosphorus element and then 
annealed to entirely form a p-type silicon layer of low 
resistance (specific resistance: about 0.01 Cl • cm, thick- 
ness: about 5 urn). Thereafter a silicon oxide layer was 
55 formed on the surface by thermal oxidation in a thick- 
ness of 200 nm. Then, such a structure that two solution 
cells, three reaction cells and three drain cells were con- 
nected with each other through passages as shown in 
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Fig. 43 was formed on the surface of the silicon sub- 
strate. On a silicon substrate 500. solution cells 500a 
and 500b are arranged at a proper space. Reaction 
cells 504a, 504b and 504c are arranged in a line in the 
transverse direction. The solution cell 500a are con- 
nected with the respective reaction cells through pas- 
sages 502a, 502c and 502e. The solution cell 500b are 
connected with the respective reaction cells through 
passages 502b, 502d and 502f respectively. These pas- 
sages have structures such as those shown in Fig. 13 to 
Fig. 15C. Drain cells 508a, 508b and 508c are provided 
for the respective reaction cells. The respective reaction 
cells are connected with the respective drain cells 
through passages 506a, 506b and 506c respectively. 
These passages are V-grooves formed on the substrate 
500. 

[0148] The overall size of the apparatus (micro • reac- 
tor) for crystallization was 30 mm square. The size of 
the solution cells 500a and 500b was 3 mm by 20 mm. 
V-grooves of about 10 urn in width were formed around 
regions of this size by etching, so that these regions 
were comparted from the other regions and defined the 
solution cells. The size of the three reaction cells was 2 
mm by 5 mm. V-grooves of 40 urn in depth and 200 \im 
in width were provided around the regions of 2 mm by 5 
mm for the respective reaction cells. The V-grooves 
were formed by etching. Further, the flat regions of 2 
mm by 5 mm were anisotropically etched in a depth of 
10 fim, while working was performed to leave thin 
regions of the p-type layer having a width of about 0.2 
mm on the surface at a pitch of about 1 mm. Thus, spa- 
tial selectivity for aggregation and crystallization of mol- 
ecules was given to the inner flat region. The size of the 
respective drain cells connected with the respective 
reaction cells was 2 mm by 5 mm, and the depth was 
100 pm 

[0149] The lengths of the passages from the solution 
cells 500a and 500b to the three reaction cells 504a, 
504b and 504c were 5 mm, 10 mm and 20 mm respec- 
tively. The width of all the passages was 1 mm. All the 
passages having the width of 1 mm consist of V-grooves 
formed by anisotropic etching of silicon. In the structure 
as shown in Fig. 13 to Fig. 15C, the width and depth of 
the grooves were changed every third of the entire pas- 
sage length. In the first third of the passage, the ratio 
(US) of the width of the grooves to the space between 
the grooves was 1. IVS was 1/10 in the next third, and 
L/S was 1/20 in the last third. Further, the depth of the 
grooves were 1 jim in the first third of the passage, 5 fim 
in the next third, and 50 \im in the last third. Namely, in 
the case of any passage of 1 0 mm in length, US was 1 
lim/1 |im and the depth was 1 pm in the first length of 
3.3 mm, L/S was 5 jim/50 jim and the depth was 5 fim 
in the next part of 3.3 jim. and US was 50 fim/1000 urn 
and the depth was 50 urn in the last part of 3.3 mm. 
[01 50] The three drain cells were also connected with 
the respective reaction cells through passages of 2 mm 
in length. The width of the respective passages was 1 



mm. As to the size of the V-grooves forming the pas- 
sages, US was 100 urn/ 200 pm, and the depth was 
about 100 urn. After forming the groove parts, photo- 
sensitive polyimide was applied to the silicon substrate 
5 surface, and a polyimide layer having a thickness of 10 
jim was formed on the surface other than the respective 
cells and passages by photolithography. 

(2) Sample-2 

10 

[01 51 ] A micro • reactor was prepared similarly to the 
sample-1 , except that three drain cells and passages 
connected therewith were not formed. 
[0152] The samples- 1 and 2 obtained in the above- 

75 described manner were introduced into a lidded cell 
plate of about 50 mm in diameter, so that the finely 
worked surface was upward. A buffer solution of pH 4.5 
was previously placed onto the bottom of the ceil plate 
by about 5 ml. Thereafter the above solution of lys- 

20 ozyme was dripped onto the three reaction cells of the 
samples 1 and 2 by 500 fim respectively, and a buffer 
solution of pH 4.5 was dripped onto the solution cell 
100a by about 1 ml while a sodium chloride aqueous 
solution of 0.1 M was dripped onto the solution cell 1 00b 

25 by 1 ml without overflow of the droplets. 

[01 53] Then, the cell plate was closed with the lid. and 
the apparatuses were allowed to stand still in a cool 
dark place at 10°C. After keeping the samples in the 
cool dark place for 72 hours, the samples were taken 

30 out for observing crystals of lysozyme on the substrates 
with a microscope. The results are shown in Figs. 44 
and 45. As shown in Fig. 44, on the sample-1, large- 
sized single crystals having smooth crystal planes and 
a size of about 1 mm were obtained at the regions of the 

35 p-type silicon layer in the reaction cells. In addition, no 
growth of crystals took place at the regions of the n-type 
silicon layer exposed by etching. Therefore, it has 
become apparent that the apparatus according to the 
present invention is effective for crystallization. 

40 [01 54] On the sample-2, on the other hand, crystals of 
relatively large sizes were obtained at the regions of the 
p-type silicon layer in the reaction cells, as shown in Fig. 
45. However, most of the obtained crystals were twins. 
It was also observed that the crystals were deposited on 

45 the regions of the n-type silicon layer. This result was so 
understood that since the buffer solution and the precip- 
itant were regularly supplied into the reaction cells from 
the solution cells and no liquids were discharged on the 
sample-2, excessive crystal nuclei were formed in the 

so reaction cells, and these nuclei further floated in the 
cells to proceed to crystal growth at various portions. It 
has become apparent that a crystal of good quality can 
be obtained by discharging the solution from the reac- 
tion cells to keep the balance of the concentration as in 

55 the sample-1. 

[0155] As shown in the above, by employing the appa- 
ratus according to the present invention such as the 
sample-1, a large-sized crystal of good quality can be 
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prepared even with a very small amount of sample. 
Example 3 

[0156] Myoglobin derived from a sperm whale was 
dissolved in a phosphate buffer solution of pH 7.2 in a 
concentration of 20 mg/ml. As to this solution, crystalli- 
zation was performed in two types of apparatuses con- 
sisting of silicon crystal. 

(l)Sample-l 

[0157] The surface of an n-type silicon substrate of 
about 20 & • cm in specific resistance was subjected to 
ion implantation of a phosphorus element, and then 
annealed to entirely form an n-type silicon layer of low 
resistance (specific resistance: about 0.01 Q • cm, thick- 
ness: about 3 fim). Thereafter a silicon oxide layer was 
formed on the surface by thermal oxidation in a thick- 
ness of 200 nm. Then, three pairs of solution cells, three 
upper reaction cells, three pairs of passages, a heating 
electrode and a temperature measurement electrode 
were formed on the front surface of the substrate in the 
arrangement as shown in Fig. 24, and three lower reac- 
tion cells were formed on the rear surface of the sub- 
strate. The size of the silicon substrate was 30 mm 
square, and the size of the concave solution cells 
formed on the front surface was 5 mm square. The size 
of both reaction cells formed on the front and the rear 
surfaces of the silicon substrate was 3 mm square. 
Around each of the upper reaction cells, a V-groove of 
40 urn in depth and 200 fim in width was provided. The 
grooves were formed by etching. Further, the flat 
regions inside the grooves were anisotropically etched 
in a depth of 50 jim, and thin regions, about 0.2 mm 
wide, of the low-resistance n-type layer were left on the 
surface at a pitch of 0.5 mm. Such working gave spatial 
selectivity for aggregation and crystallization of mole- 
cules to the inner flat regions. 
[0158] The length of the passages from the solution 
cells to the reaction cells on the substrate surface was 5 
mm, and the width of all the passages was 3 mm. All the 
passages were composed of a plurality of V-grooves 
obtained by working the silicon oxide. The walls shaping 
the grooves were formed by etching the silicon oxide 
layer in a prescribed pattern. In the structure as shown 
in Fig. 13, the width of the grooves was changed every 
third of the entire passage length. The width of the 
grooves was 1 jmm in the first third of the passages, 5 \im 
in the next third, and 50 u.m in the last third. The ratio 
(US) of the width of the grooves to the space between 
the grooves was 1:1 in the first third of the passage, 
1 :10 in the next third, and 1 :20 in the last third. Namely, 
in any passage of 5 mm in length, US was 1 jim/1 \im in 
the first part of 1.67 mm in length. US was 5 nm/50 jim 
in the next part of 1.67 tun in length, and US was 50 
um/1000 iim in the last part of 1 .67 jim. 
[0159] Then, through holes were formed in the sub- 



strate by blasting. In the three reaction cells formed on 
the surface of the substrate, through holes having differ- 
ent diameters were formed at different pitches. A plural- 
ity of through holes of 0.1 mm in diameter were formed 

5 at a pitch (space) of 0.2 mm in the first cell among the 
three reaction cells. In the second cell, a plurality of 
through holes of 0.3 mm in diameter were formed at a 
pitch of 0. 5 mm. In the third cell, a plurality of through 
holes of 0.6 mm in diameter were formed at a pitch of 

w 0.8 mm. 

[0160] Then, a Cr film in a thickness of 0.3 \im was 
formed on the surface of the silicon substrate, and pat- 
terned to form a heat generator of 100 ^m in width and 
a temperature measure of 2 urn in width at an end por- 

15 tion of the substrate. Al having a thickness of about 1 
Mm was deposited on the pads of the Cr thin film. Then, 
photosensitive polyimide was applied to the silicon sub- 
strate surface and patterned by photolithography to 
form a polyimide layer of 10 fun in thickness on the sur- 

20 face other than the respective cells and passages. 

(2) Sample-2 

[0161] An apparatus of sample 2 was prepared in a 
25 method similar to that for sample 1, except that no 
through holes were formed in sample 2. Namely, in the 
apparatus of sample 2, the reaction cells formed on the 
front surface are not connected with those on the rear 
surface. 

[0162] The apparatuses (microreactors) of sample-1 
and sample-2 prepared in the above-described manner 
were held in a lidded cell plate of about 50 mm in diam- 
eter respectively, as shown in Fig. 27. A buffer solution 
of pH 7.2 was placed on the bottom of the cell plate by 
about 5 ml. Then, the above myoglobin solution was 
dripped onto the three reaction cells of sample-1 and 
sample-2 by 500 jil respectively, while a buffer solution 
ol pH 7.2 was dripped into one solution cell connected 
with each reaction ceil by about 1 ml and a sodium chlo- 
ride aqueous solution of 0.2 M was dripped into the 
other solution cell by 1 ml without spilt droplets. There- 
after the cell plate was closed with the lid and the appa- 
ratuses were allowed to stand still in a cool dark place at 
1 0°C while energizing the heat generators on the silicon 
substrates for raising the temperature around the heat 
generators to about 45°C. After keeping the respective 
samples in the cool dark place for 72 hours, the sam- 
ples were taken out for observing crystallized states of 
myoglobin with a microscope. The results are shown 
below. 

[0163] In the first reaction cell of sample-1 , a large 
amount of crystals having a very small size of about 0.1 
mm were deposited mainly on the low-resistance n-type 
region. Twin crystals also existed. In the second reac- 
tion cell of sample-1 , single crystals having smooth sur- 
faces and a large size of about 0.8 mm were obtained 
on the low-resistance n-type region. On the other hand, 
no crystal growth took place on the region of high-resist- 
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ance n-type silicon. On the third reaction cell of sample- 
1 , a large amount of very small crystals similar to those 
on the first reaction cell were deposited. From the above 
result, it has become apparent that the second reaction 
cell is more effective for crystallization in the apparatus 
of sample-1. 

[0164J In the apparatus of sample-2, on the other 
hand, crystals of relatively large sizes were obtained at 
the regions of the low-resistance n-type layer in the 
reaction cells, while a large amount of twin crystals were 
obtained. This suggests that since excessive crystal 
nuclei are readily produced with the regularly supplied 
buffer solution and precipitant and a turbulence is read- 
ily generated in the reaction cells of the sample-2, the 
nuclei float in the reaction cells and crystal growth 
progresses at various places. As the result in sample 1 
shows, a large-sized single crystal of good quality can 
be prepared even with a very small amount of sample 
by employing the apparatus according to the present 
invention. 

[0165] While the regions having valence electrons 
controlled, i.e., low-resistance n-type regions were 
arranged in a prescribed pattern in the reaction cells 
formed on the upper surface of the substrate in the 
above Example, such regions may be formed only in the 
reaction cells on the lower surface of the substrate, or 
may be formed in both reaction cells on the upper sur- 
face and the lower surface. 

Possibility of Industrial Utilization 

[0166] According to the present invention, as 
described above, it is possible to overcome the disad- 
vantages of the conventional crystallization process 
which has been carried out with repeating trial and error 
and with no technique applicable to any substance of 
various properties. Particularly according to the present 
invention, the influence of convection in a solvent result- 
ing from gravity can be suppressed, and stable nuclea- 
tion can be made in the initial process of crystallization. 
According to the present invention, it is also possible to 
suppress or control mass production of microcrystals, 
and to obtain a large-sized crystal that can enable X-ray 
structural analysis. According to the present invention, a 
large number of different conditions for crystallization 
can also be prepared with very small amounts of solu- 
tions on a single substrate. Thus, optimum conditions 
for crystallization can be made for specific molecules. 
Additionally, in the present invention, application of a 
voltage can bring a more suitable electrical state on the 
surface of the substrate for aggregation and crystalliza- 
tion of molecules. Growth of a crystal can be facilitated 
by application of the voltage. According to the present 
invention, influence of convection in the solution can 
also be suppressed in the groove part, so that a crystal 
can be grown stably. The present invention can make 
more proper conditions for growing a large-sized crystal 
in a short time, even if the amount of sample is very 



small. 

[0167] The present invention is applied to research, 
development and production of useful substances, par- 
ticularly biological macromolecuies such as proteins, 

5 nucleic acids and the like, in pharmaceutical industry, 
food industry and the like. According to the present 
invention, it is possible to grow a crystal having good 
crystallinity enabling X-ray structural analysis. Informa- 
tion obtained as to the molecular structure and the 

10 mechanism of activity as a result of crystal analysis is 
applied to design and preparation of medicines. The 
present invention is also applied to purification or crys- 
tallization of molecules of interest. In addition, the appli- 
cation of the present invention is expected for the 

is preparation of an electronic device employing biological 
macromolecuies such as proteins. The apparatus of the 
present invention can selectively adsorb and fix biologi- 
cal macromolecuies or the like, and therefore can be 
applied to biosensors and measuring devices with the 

20 biosensors using various biological tissues and biologi- 
cal substances. 

[01 68] The embodiments disclosed this time must be 
considered as illustrative and not restrictive in all points. 
The scope of the present invention is shown not by the 
25 above description but by claims, and it is intended that 
all changes in the meaning and range equal to claims 
are included. 

Claims 

30 

1 . An apparatus for growing a crystal of a macromole- 
cule contained in a solution, comprising: 

a substrate whose valence electrons are con- 

35 trolled so that the concentration of holes or 

electrons in a surface part can be controlled in 
response to the environment of the solution 
containing said macromolecule, wherein 
the surface of said substrate has: 

40 a plurality of first solution storage parts for hold- 

ing at least two types of solutions respectively, 
a plurality of second solution storage parts for 
holding the solution containing said macromol- 
ecule for growing said crystal, and 

45 a plurality of passages connecting said plurality 

of first solution storage parts with said plurality 
of second solution storage parts to allow distri- 
bution of the solutions, and 
the valence electrons are so controlled at least 

so in said second solution storage parts that the 

concentration of the holes or electrons in the 
surface part can be controlled in response to 
the environment of the solution containing said 
macromolecule. 

55 

2. The apparatus for crystal growth in accordance with 
claim 1 , further comprising a means for heating the 
solution in said first solution storage part. 
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3. The apparatus fa crystal growth in accordance with 
claim 1 or 2, further comprising an electrode for 
applying a voltage at least to said second solution 
storage part. 

4. The apparatus for crystal growth in accordance with 
any of claims 1 to 3, wherein, in said plurality of 
passages, the widths and/or the depths thereof are 
different from each other. 

5. The apparatus fa crystal growth in accordance with 
any of claims 1 to 4, wherein said valence electrons 
in the surface of said substrate are so controlled 
that formation of a crystal nucleus of said macro- 
molecule and growth of the aystal are facilitated at 
a specific region in said second solution storage 
part while formation of said crystal nucleus is sup- 
pressed at the remaining region in said second 
solution storage part. 

6. The apparatus fa crystal growth in accordance with 
any of claims 1 to 5, wherein said substrate com- 
prises a semiconductor substrate to which an impu- 
rity is added, and said valence electron control is 
made by control of the concentration and/or the 
type of said impurity. 

7. The apparatus fa crystal growth in accordance with 
claim 6, wherein said semiconductor substrate con- 
sists essentially of a silicon aystal. 

8. The apparatus fa crystal growth in accordance with 
claim 6 or 7, wherein a groove or hole is formed in 
said second solution storage part. 

9. The apparatus fa crystal growth in accordance with 
any of claims 6 to 8, wherein the concentration 
and/or the type of said impurity is different between 
inside and outside said groove or hole. 

10. The apparatus fa crystal growth in accordance with 
any of claims 1 to 8, further comprising a coat con- 
sisting essentially of an oxide on the surface to be in 
contact with the solutions. 

11. An apparatus for crystal growth, comprising: 

the apparatus fa crystal growth in accordance 
with any of claims 1 to 10; 
a container capable of housing said apparatus 
in a sealed state along with a precipitant or a 
buffer solution; and 

a means for supporting said apparatus in said 
container. 

12. A method of growing a aystal of a macromolecule 
contained in a solution, comprising: 



a step of providing the apparatus for crystal 
growth in accordance with any of claims 1 to 
10; 

a step of making said plurality of first solution 

5 storage parts hold a first solution containing 

said macromolecule and a second solution 
being different therefrom respectively; 
a step of shifting said first solution and said 
second solution to said plurality of second solu- 

10 tion storage parts through said plurality of pas- 

sages so that a plurality of mixed solutions in 
which said first solution and said second solu- 
tion are mixed with each other in different ratios 
are stored in said plurality of second solution 

15 storage parts respectively; and 

a step of growing the crystal of said macromol- 
ecule in said plurality of second solution stor- 
age parts storing said plurality of mixed 
solutions respectively under an electrical state 

20 brought to the surface of said substrate by said 

controlled valence electrons. 

13. The crystal growth method in accordance with 
claim 12, further comprising a step of heating the 

25 solution in said first solution storage part, whereby 
transition of the solution from said first solution stor- 
age part through said passage is facilitated. 

14. The crystal growth method in accordance with 
30 claim 1 2 or 1 3, further comprising a step of applying 

a voltage to at least said second solution storage 
part of said apparatus so that the electrical state 
brought to the surface of said apparatus is control- 
led. 

35 

15. The crystal growth method in accordance with any 
of claims 12 to 14, wherein a groove or hole is 
formed in said second solution storage part, and 
convection is suppressed and/or crystallization of 

40 said macromolecule is facilitated by said groove or 
hole. 

16. The crystal growth method in accordance with any 
of claims 12 to 15, wherein said second solution is 

45 a buffer solution and/a a salt solution for changing 
the pH and/or the salt concentration of said first 
solution. 

17. An apparatus fa growing a crystal of a macromole- 
so cule contained in a solution, comprising: 

a substrate whose valence electrons are con- 
trolled so that the concentration of holes or 
electrons in a surface part can be controlled in 
55 response to the environment of the solution 

containing said macromolecule, wherein 
the surface of said substrate comprises: 
a plurality of first solution storage parts for hold- 
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ing at least two types of solutions respectively, 
a plurality of first passages for discharging the 
solutions from said plurality of first solution 
storage parts respectively and unidirectionally 
feeding the same, 

a second solution storage part for simultane- 
ously receiving said at least two types of solu- 
tions fed by said plurality of first passages 
respectively, 

a second passage for discharging the solution 
from said second solution storage part and uni- 
directionally feeding the same, and 
a third solution storage part for receiving the 
solution fed from said second passage, and 
the valence electrons are so controlled at least 
in said second solution storage part that the 
concentration of the holes or electrons in the 
surface part can be controlled in response to 
the environment of the solution containing said 
macromolecule. 

1 8. The apparatus for crystal growth in accordance with 
claim 17, further comprising a means for heating 
said substrate. 

1 9. The apparatus for crystal growth in accordance with 
claim 17 or 18, further comprising an electrode for 
applying a voltage at least to said second solution 
storage part. 

20. The apparatus for crystal growth in accordance with 
any of claims 17 to 19, wherein said first passages 
and/or the second passage is a groove formed on 
said substrate, and said groove has a stepwise 
shape or a gradient to unidirectionally feed said 
solution. 

21 . The apparatus for crystal growth in accordance with 
any of claims 17 to 20, wherein said first passages 
and/or the second passage is composed of a plural- 
ity of grooves having different widths and depths 
and being formed on said substrate, and the widths 
of said grooves widen and said grooves deepen, as 
going from the upper stream to the lower stream. 

22. The apparatus for crystal growth in accordance with 
any of claims 1 7 to 21 , wherein among a plurality of 
said first passages carrying the same type of solu- 
tion, one of said first passages toward one of said 
second solution storage parts is different from 
another of said first passages toward another one 
of said second solution storage parts in length 
and/or width, so that said one of said second solu- 
tion storage parts receives the solution from said 
first solution storage part at a flow rate different 
from said another one of said second solution stor- 
age parts. 



23. The apparatus for crystal growth in accordance with 
any of claims 17 to 22, wherein said valence elec- 
trons in the surface of said substrate are so control- 
led that formation of a crystal nucleus of said 

5 macromolecule and growth of the crystal are facili- 
tated at a specific region in said second solution 
storage part while formation of said crystal nucleus 
is suppressed at the remaining region in said sec- 
ond solution storage part. 

10 

24. The apparatus for crystal growth in accordance with 
any of claims 1 7 to 23, wherein said substrate con- 
sists essentially of an impurity-added semiconduc- 
tor substrate, and said valence electron control is 

15 made by control of the concentration and/or the 
type of the impurity. 

25. The apparatus for crystal growth in accordance with 
claim 24, wherein said semiconductor substrate 

20 consists essentially of a silicon crystal. 

26. The apparatus for crystal growth in accordance with 
any of claims 1 7 to 25, wherein a groove or hole is 
formed in said second solution storage part. 

25 

27. A method of growing a crystal of a macromolecule 
contained in a solution, comprising: 

a step of providing the apparatus for crystal 
30 growth in accordance with any of claims 17 to 

26; 

a step of making said plurality of first solution 
storage parts hold a first solution containing 
said macromolecule and a second solution dif- 

35 ferent therefrom respectively; 

a step of shifting said first solution and said 
second solution to said second solution stor- 
age part through said plurality of first passages 
and mixing said first solution and said second 

40 solution with each other in said second solution 

storage part; and 

a step of guiding the obtained mixed solution 
from said second solution storage part to said 
third solution storage part through said second 
45 passage while growing the crystal of said mac- 

romolecule in said second solution storage part 
storing said mixed solution under an electrical 
state brought to the surface of said apparatus 
by said controlled valence electrons. 

50 

28. The crystal growth method in accordance with 
claim 27, wherein said apparatus has a plurality of 
said second solution storage parts and the plurality 
of first passages having different sizes, and 

55 

a plurality of mixed solutions in which said first 
solution and said second solution are mixed 
with each other in different ratios are stored in 



29 



BNSDOCID: <EP 0913507A1 J_> 



57 



EP 0 913 507 A1 



58 



said plurality of second solution storage parts 
respectively. 

29. The crystal growth method in accordance with 
claim 27 or 28, further comprising a step of heating 
said substrate. 

30. The crystal growth method in accordance with any 
of claims 27 to 29, further comprising a step of 
applying a voltage to said second solution storage 
part so that the electrical state brought to the sur- 
face of said apparatus is controlled. 

31. The crystal growth method in accordance with any 
of claims 27 to 30, wherein a groove or hole is 
formed in said second solution storage part, and 
convection is suppressed and/or growth of the crys- 
tal is facilitated by said groove or hole. 

32. The crystal growth method in accordance with any 
of claims 27 to 31 , wherein said second solution is 
a buffer solution and/or a salt solution for changing 
the pH and/or the salt concentration of said first 
solution. 

33. An apparatus for growing a crystal of a macromole- 
cule contained in a solution, comprising: 

a substrate, having an opposed pair of principal 
surfaces, whose valence electrons are control- 
led so that the concentration of holes or elec- 
trons in said principal surface parts can be 
controlled in response to the environment of 
the solution containing said macromolecule, 
wherein 

said substrate comprises: 
a first solution storage part, provided on one of 
said pair of principal surfaces, for holding the 
solution employed for crystal growth, 
a passage, provided on one of said pair of prin- 
cipal surfaces, for discharging the solution from 
said first solution storage part and feeding the 
same in a prescribed direction, 
a second solution storage part, provided on 
one of said pair of principal surfaces, for receiv- 
ing the solution fed by said passage, 
a through hole for guiding the solution present 
in said second solution storage part to the 
other one of said pair of principal surfaces, and 
a third solution storage part for receiving the 
solution fed through said through hole in the 
other one of said pair of principal surfaces, and 
the valence electrons are so controlled at least 
in said second solution storage part and/or said 
third solution storage part that the concentra- 
tion of the holes or electrons in the surface 
parts can be controlled in response to the envi- 
ronment of the solution containing said macro- 



molecule. 

34. The apparatus for crystal growth in accordance with 
claim 33, wherein said passage is composed of a 
5 plurality of grooves having different widths and/or 
depths formed on said substrate, and as going from 
the upper stream to the lower stream, the widths of 
said grooves widen and/or said grooves deepen. 

10 35. The apparatus for crystal growth in accordance with 
daim 33 or 34, wherein said substrate comprises a 
plurality of said second solution storage parts and 
the third solution storage parts, and 

is the diameter of one said through hole connect- 

ing one said second solution storage part with 
one said third solution storage part is different 
from the diameter of another said through hole 
connecting another said second solution stor- 

20 age part with another said third solution stor- 

age part. 

36. The apparatus for crystal growth in accordance with 
any of claims 33 to 35, further comprising a means 

25 for heating said substrate. 

37. The apparatus for crystal growth in accordance with 
any of claims 33 to 36. wherein said valence elec- 
trons are so controlled that formation of a crystal 

30 nucleus of said macromolecule and growth of the 
crystal are facilitated at a specific region in said 
second solution storage part and/or the third solu- 
tion storage part while formation of said crystal 
nucleus is suppressed at the remaining region in 

35 said second solution storage part and/or the third 
solution storage part. 

38. The apparatus for crystal growth in accordance with 
any of claims 33 to 37, wherein said substrate con- 

40 sists essentially of a semiconductor substrate to 
which impurity is added, and said valence electron 
control is made by control of the concentration 
and/or the type of the impurity. 

45 39. The apparatus for crystal growth in accordance with 
claim 38, wherein said semiconductor substrate 
consists essentially of a silicon crystal. 

40. The apparatus for crystal growth in accordance with 
so any of claims 33 to 39, wherein a groove or hole is 

formed in said second solution storage part. 

41. A method of growing a crystal of a macromolecule 
contained in a solution, comprising: 

55 

a step of providing the apparatus for crystal 
growth in accordance with any of claims 33 to 
40; 
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a step of making said first solution storage part 
hold the solution containing said macromole- 
cule; 

a step of feeding said solution from said first 
solution storage part to said second solution s 
storage part through said passage; 
a step of circulating said solution between said 
second solution storage part and said third 
solution storage part through said through 
hole; and 10 
a step of growing a crystal of said macromole- 
cule in said second solution storage part and/or 
said third solution storage part under an electri- 
cal state brought to the surface of said appara- 
tus by said controlled valence electrons. is 

42. The crystal growth method in accordance with 
claim 41, wherein said apparatus has a plurality of 
said first solution storage parts, a plurality of said 
second solution storage parts and a plurality of said 20 
passages having different lengths and/or widths, 

said plurality of first solution storage parts are 
allowed to hold a first solution containing said 
macromolecule and a second solution being 25 
different therefrom respectively, 
said first solution and said second solution are 
allowed to move to said plurality of second 
solution storage parts through said plurality of 
passages, and 30 
a plurality of mixed solutions in which said first 
solution and said second solution are mixed 
with each other in different rations are allowed 
to be held in said plurality of second solution 
storage parts respectively. 35 

43. The crystal growth method in accordance with 
claim 41 or 42, further comprising a step of heating 
said substrate. 

40 

44. The crystal growth method in accordance with any 
of claims 41 to 43, further comprising a step of 
applying a voltage to said second solution storage 
part so that the electrical state brought to the sur- 
face of said apparatus is controlled. 45 

45. The crystal growth method in accordance with any 
of claims 41 to 44, wherein a groove or hole is 
formed in said second solution storage part, and 
convection is suppressed and/or growth of the crys- so 
tal is facilitated by said groove or hole. 

46. The crystal growth method in accordance with 
claim 42, wherein said second solution is a buffer 
solution and/or a salt solution for changing the pH 55 
and/or the salt concentration of said first solution. 
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